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 i 
ABSTRACT 
 
Young female athletes have a greater relative risk of sustaining an anterior cruciate 
ligament injury than their male counterparts (Renstrom et al., 2008) and this 
injury tends to occur towards the end of a game when fatigue is present. The 
functional hamstring/quadriceps (FH/Q) ratio describes normal knee function by 
expressing the hamstrings eccentrically and quadriceps concentrically during knee 
extension and provides information regarding the competence of the hamstrings 
to provide adequate dynamic joint stability (Aagaard et el., 1998). It is recognised 
that both muscular and neuromuscular mechanisms are important aspects in 
dynamic knee stability, however little research has focused on young female 
athletes. The aim of this study was to explore the effect of football specific fatigue 
on muscular and neuromuscular components of dynamic knee stability in elite 
female youth football players. Participants were 36 females from an FA licensed 
youth academy (U13= 14; U15=9; U17=13) and all tests were performed before 
and after a football specific fatigue protocol. Torque was determined in a prone 
position at three angular velocities (60, 120 and 180°/s) during 
concentric/concentric and eccentric/eccentric cycles. During the eccentric cycle, 
electromyography was used to determine the electromechanical delay (EMD) of 
the biceps femoris, semitendinosus and gastrocnemious muscles. Twenty 
consecutive sub maximal hops were performed in order to calculate leg stiffness. 
Mixed Model ANOVA indicated a significant time x angle interaction (F2,34=3.914, 
p=0.030) for FH/Q ratio with post hoc tests indicating that only at 0-10° of knee 
flexion did the ratio decrease from pre to post fatigue (-14.1%). A significant time x 
group interaction effect (F2,34=4.295, p=0.022) was reported for leg stiffness and  
indicated that the U13 age group decreased from pre to post fatigue (-4.9%), the 
U15 remained similar (+1.5%) and the U17 increased (+12.3%). A significant time 
x group interaction effect (F2,34=3.404, p=0.046) was reported for EMD indicating 
that EMD was significantly longer in the U13 age group and this difference was 
greater post fatigue. Irrespective of angle and velocity, a significant main effect for 
time (F1,35=10.031, p=0.000) and group (F2,34=6.356, p=0.005) were also observed 
revealing EMD to be longer post fatigue (+58.4%). The findings suggest that 
muscular functioning is not dramatically impaired following fatigue however 
impairments to neuromuscular functioning were present in all age groups and may 
be responsible for the increased relative risk of knee injury in female athletes. 
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CHAPTER I 
 INTRODUCTION 
 
Football is one of the most popular sports played worldwide (Vescovi and 
VanHeest, 2010) with a reported 265,000,000 male and female players regularly 
competing (FIFA, 2006). This value increased by 10% overall from 2000-2006, 
with a 54% increase in registered female footballers (FIFA, 2006). It was also 
reported that The English Football Association (The FA) had 1,485,910 registered 
players in the country; 97,000 of these being female, further highlighting the fact 
that the game is as popular as ever in males and females of all ages and continues 
to develop (FIFA, 2006). April 2011 saw the introduction of the FA Women’s Super 
League which is now the highest level for women to play in the United Kingdom 
(The FA, 2011). The semi-professional summer league consists of eight teams and 
was introduced in order to allow female players to earn a good living from the 
game as well as providing a platform to drive the women’s game forward (The FA, 
2011). Furthermore, there is a strong player pathway and talent development 
structure present in women’s football with 31 licensed FA Centres of Excellence 
across England, providing 7-17 year old female players with quality coaching and 
fixtures on a weekly basis to aid development (The FA, 2011). For all players; 
regardless of age or sex, a consequence of participation is risk of injury which has a 
wide range of negative affects upon the player and the club. Therefore the ability to 
prevent and reduce the incidence of injuries is an important area of research.  
 
The knee is one of the most commonly injured joints during sport accounting for 
11-16% of all injuries (Agel et al., 2007, Dick et al., 2007b) with the anterior 
cruciate ligament (ACL) being one of the more increasingly injured structures 
(Dargel et al., 2007). Out of all sport related knee injuries 40% are ligament 
injuries; 46% of these are associated with the ACL and 13% involve the ACL and 
medial collateral ligament (MCL) in a combined injury (Bollen, 2000). Annually, it 
is approximated that 80,000 to 250,000 ACL injuries occur in young athletes 
(Griffin et al., 2006) with 100,000 ACL reconstructions performed annually in the 
United States (Cheatham and Johnson, 2010). In addition to general injury data, 
there is a large availability of injury incidence data in male football players 
however, data on female players is much more limited (Faude et al., 2005). 
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Information on the injury incidence in youth football is sparse, with only two 
studies available that focus on female players (Schiff et al., 2010, Lislevand et al., 
2011). This is somewhat surprising given evidence that the rate of ACL injury is 
most prevalent in 14-18 year old girls competing in multiple sprint sports such as 
basketball, handball and football (Renstrom et al., 2008); which involve many 
landing and cutting movements, placing them as an at risk population and 
highlighting the need to understand the mechanisms that are associated with this 
increased risk.  
 
Many research methods have been employed in order to describe the mechanisms 
of injury in sport, with non-contact ACL injuries frequently investigated. Landing 
and cutting movements are often reported as the activities being performed when 
ACL injury occurred (Renstrom et al., 2008). The angle of the knee has also been 
identified as an important injury characteristic, with ACL injury often occurring 
when the leg is close to full extension (Boden et al., 2000). A number of risk factors 
have been identified for the increased ACL injury in females and are categorised 
into four distinct categories; environmental, anatomical, hormonal and 
neuromuscular (Griffin et al., 2006). Neuromuscular factors are often focused on as 
it is possible to modify them through preventative training (Silvers and 
Mandelbaum, 2007).  
 
The hamstrings and quadriceps muscles are crucial for knee joint stability and if a 
muscular strength imbalance exists, the joint is more susceptible to injury (Hughes 
and Watkins, 2006). Isokinetic dynamometry is frequently used to examine 
reciprocal muscle group ratios and provide valuable information on knee function, 
injury risk and knee joint stability (Gerodimos et al., 2003). The functional 
hamstring/quadriceps (FH/Q) ratio was introduced in order to reflect true knee 
function and is therefore calculated by assessing the hamstrings eccentrically and 
quadriceps concentrically during knee extension, or the hamstrings concentrically 
and quadriceps eccentrically during knee flexion (Aagaard et al., 1998). Previous 
literature exploring the FH/Q ratio has generally focused on adults, with limited 
research focusing on the ratio in children. Only one study on children has included 
girls in the sample (De Ste Croix et al., 2007) and further research is therefore 
required to explore the effect of age and maturation on the FH/Q ratio in young 
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girls. Research on 12-16 year old male football players has revealed that football 
specific training produces a decrease in the ratio with age; which reflects that the 
hamstrings become relatively weaker compared to the quadriceps and places older 
players with an increased relative risk of injury (Forbes et al., 2009). No research 
of this kind has been performed on female youth football players, so it is unknown 
if a similar finding of a decrease in ratio with age and maturation exists.  
 
It has also been identified that efficient neuromuscular control is essential for 
dynamic joint stability and joint protection (Shultz and Perrin, 1999). Not only the 
magnitude of this neuromuscular response is valued, but also the speed of the 
response (De Ste Croix and Deighan, 2012) and it is in question if this muscle 
activation and joint stiffening occur fast enough to protect the joint. 
Electromechanical delay (EMD) is often investigated and it is reported and 
generally accepted that females have a longer delay in reacting to a stimulus than 
males (Winter and Brookes, 1991, Wojtys et al., 1996, Hewett et al., 2005). As with 
the FH/Q ratio, very few studies have investigated the EMD during childhood and 
only one study included girls in the sample (Zhou et al., 1995) therefore the effect 
of age and maturation on EMD in young girls remains unknown. Additionally, these 
studies have not examined the EMD of the hamstrings during eccentric muscle 
actions so it remains to be identified how EMD may change with age and 
maturation in female youth footballers. 
 
Without adequate stiffness a person may be at risk of injury, thus making stiffness 
an important factor in preventing ACL injury (Hughes and Watkins, 2006). 
Available literature has generally focused on adults (Granata et al., 2002, Padua et 
al., 2005) with limited research conducted on children (Oliver and Smith, 2010, 
Lloyd et al., 2012). It is suggested that as children mature they become more 
reliant on feed-forward mechanisms and therefore increase stiffness (Lloyd et al., 
2012). However, limited information is available on young girls and is therefore 
required in order to help describe the associated relative risk of injury and the 
effects of age and maturation in this population. 
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It is well recognised that injury is most prevalent in the final stages of sports 
performance which coincides with when fatigue is present (Small et al., 2010). 
Therefore, muscular fatigue is often suggested as a risk factor for non-contact ACL 
injuries (Yu et al., 2002a). Recent studies have indicated that the H/Q ratio is 
significantly lower at the end of a simulated football specific fatiguing task (Small 
et al., 2010, Delextrat et al., 2011). However, there is no comparable data available 
on female youth football players. Similarly, in a study examining fatigue induced 
using a simulated game on a motorised treadmill, a significant decrease in EMG 
activity was reported suggesting that in adults’, neuromuscular ability to stabilise 
the knee decreases with fatigue (Rahnama et al., 2006). Furthermore the authors 
reported additional muscles to be playing an important part in stabilising the knee 
and suggest a compensatory mechanism was present when fatigued. There is no 
comparable data available on female youth football players so it is unknown if a 
similar compensatory mechanism is present. Previous studies on the effect of 
fatigue on leg stiffness in adults have reported conflicting findings; with reports of 
an increase (Morin et al., 2011) , a decrease (Dutto and Smith, 2002) and no change 
post fatigue (Girard et al., 2011). It has therefore been proposed that the fatigue 
effect on leg stiffness is subject-specific with participants showing an individual 
response, however there is no comparable data available on the effect of fatigue on 
the leg stiffness in female youth football players.  
 
There appears to be no studies that have examined the influence of fatigue on the 
hamstring/quadriceps ratio, electromechanical delay and leg stiffness in young 
female footballers. It is currently unknown the effect age and maturation has on 
these outcome measures and how they may influence ACL injury risk and interact 
with fatigue. Therefore, this study aimed to explore the effect of football specific 
fatigue on the muscular and neuromuscular components of dynamic knee stability 
that relate to the relative risk of knee/hamstring injury in elite female youth 
football players. This was done by focusing on the following research objectives: 
 
1. Explore the effects of a football specific fatiguing task on the muscular and 
neuromuscular components of dynamic knee stability that relate to the relative 
risk of knee/hamstring injury in young girls. 
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2. Investigate whether any age and maturation related differences in key outcome 
measures exist after football specific fatigue. 
 
3. Explore whether there are muscle specific compensatory mechanisms that 
contribute to knee stability in a fatigued state. 
 
4. To contribute to our understanding of the influence of football specific fatigue on 
dynamic knee stability in elite female youth football players in order to help 
develop pre-habilitation strategies to potentially reduce the relative risk of injury 
in this population. 
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CHAPTER II 
 REVIEW OF LITERATURE 
 
2.1 Injury in football 
 
Due to the nature of competitive sport, football is known to be associated with a 
relatively high injury risk (Hawkins et al., 2001). Subsequently due to the volume 
of training and game time players’ experience, which generally increase with the 
standard and age of the player, injuries are frequently observed. Sustaining an 
injury can have both short and long term consequences for a player as well as the 
team regardless of the age or level of the player, therefore information regarding 
the incidence, injury patterns and mechanisms of injury in football is highly valued.  
 
Research on injury incidence in male football players is widely available. The FA 
Medical Research Programme Audit reported 6030 injuries over two seasons in 
English male professional players (Hawkins et al., 2001). More recently, Ekstrand 
et al. (2011) identified 4483 injuries in an injury incidence study by UEFA and 
stated that the injury incidence was 8 injuries per 1000 hours of exposure. A 
review of the literature surrounding football injuries by Dvorak and Junge (2000) 
estimated injury incidence to be between 10-35 injuries per 1000 hours of 
exposure. Injury surveillance data shows injury incidence to be considerably 
higher in competition compared to training in both male and female players (Dick 
et al., 2007a, Dick et al., 2007b), with the lower extremities being the most injured 
site, specifically the knee (Ostenberg and Roos, 2000, Hawkins et al., 2001). It is 
also evident that regardless of sex, match injuries increase towards the end of a 
game (Ostenberg and Roos, 2000, Hawkins et al., 2001) which highlights the 
potential impact of neuromuscular fatigue on injury risk (Rahnama et al., 2002).  
 
In contrast to the large availability of injury incidence data in male players, 
epidemiological data on female players is limited (Faude et al., 2005). Hagglund et 
al. (2009) reported higher injury incidence rates for Swedish professional males 
compared with females during both training (4.7 versus 3.8 injuries/1000 hours) 
and match play (28.1 versus 16.1 injuries/1000 hours). Investigations on 
European female football players report a range of incidence from 4.6/1000 hours 
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(Jacobson and Tegner, 2007) to 14.3/1000 hours of football (Ostenberg and Roos, 
2000) however, overall in adult football, the injury incidence is generally 
suggested to be greater in males then females (Dvorak and Junge, 2000, Hägglund 
et al., 2009). The proposed reason for this higher injury incidence in male players 
is possibly related to the higher velocities and intensity associated with male 
football (Dvorak and Junge, 2000). Despite this, attention has been drawn to 
female players as they display a higher risk of injuring the knee than male players, 
specifically injuring the ACL (Engstrom et al., 1991, Arendt and Dick, 1995, Roos et 
al., 1995), which also occurs at an earlier age (Roos et al., 1995, Ostenberg and 
Roos, 2000). Between 70% and 90% of ACL injuries are reported to occur in 
football in non-contact situations (Hertel et al., 2004) with the incidence in females 
reported to be 6-8 times greater than their male counterparts competing in the 
same sport (Hughes and Watkins, 2006). Furthermore, it is suggested that for the 
same amount of exposure (e.g. 1000 hours of football playing), 14-18 year old 
females are the most at risk group to sustain a non-contact ACL injury (Renstrom 
et al., 2008).  
 
In spite of this identification of the increased injury risk to the ACL in young 
females (Shea et al., 2004, Waldén et al., 2011), information on youth football 
players, particularly female youth players is sparse (Ekstrand et al., 2011) 
compared to the abundance of literature surrounding the male dominated game. 
Rumpf and Cronin (2012) recently completed a review of the literature 
surrounding injuries in youth football (6-18years) and reported a number of 
findings. The authors found that the lower extremities were the most injured site, 
with more injuries occurring in matches compared with training and that low 
skilled and less experienced players sustained a greater amount of injuries. 
Furthermore, a high training load with good quality training; including an 
appropriate warm up related to fewer injuries. Defenders and midfield players 
were at a greater risk of injury than goal keepers and strikers with female players 
showing a 2-fold greater risk in comparison with boys. Maturity status was not 
related to injury risk in youth soccer however, the severity of injury was greater in 
late maturers. In normal and late maturers the most injured site was the knee 
compared with the thigh in early maturers. Rumpf and Cronin (2012) reported 
that total injury incidence is 8.0/1000 hours in 9-12 year-olds, 65.8/1000 hours in 
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13-15 year-olds and 8.4/1000 hours in 16-18 year olds which suggest there is a 
significant age effect in the incidence of injuries in youth football. However, the 
authors did not discuss a possible link between maturational status and injury risk 
and as the 13-15 age group is typically just after the onset of puberty in females, 
further research is needed. It is important to note that the review of Rumpf and 
Cronin (2012) is based on limited well controlled studies and more research is 
needed that focus on maturational status as well as chronological age to support 
these initial findings.  
 
There are currently only two available studies that have specifically focused on the 
injury incidence in female youth football players (Schiff et al., 2010, Lislevand et al., 
2011). Lislevand et al. (2011) reported a high injury incidence (93.3/1000h) 
during a two day tournament in Africa, identifying that most injuries were minor 
and did not affect the players’ ability to compete. However they did identify that 
players under the age of 16 years had a higher injury risk than those players over 
16. Additionally, the lower extremities were the most commonly injured area, 
accounting for 82% of all injuries. Schiff et al. (2010) reported an injury rate of 
4.7/1000 hours of exposure in 12-14 year old female players (n = 80) with injuries 
occurring more frequently in match play. The authors also identified the ankle 
(44%), knee (11%) and hip (11%) as the most frequently injured site, with the 
knee representing the most commonly injured site through overuse (35%). 
 
A recent review of the literature exploring the epidemiology of ACL injury in 
football from a sex perspective concluded females have a 2-3 times higher ACL 
injury risk than males (Waldén et al., 2011). Waldén et al. (2011) also stated that 
injury was more likely to occur during match play and that females were more 
likely to sustain an ACL injury at a younger age (19 versus 27 years). These 
findings support various suggestions from the previously mentioned studies on 
youth and female football players and warrant further investigation in order for 
practitioners to further understand the age/maturation effect on injury risk in 
young female athletes. Additionally, there is a need to more clearly understand the 
mechanisms associated with this incidence rate.  
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2.2 The Knee Joint and Anterior Cruciate Ligament  
 
The knee; a synovial bicondylar hinge joint, is one of the largest and most complex 
joints in the body between the condyles of the femur and those of the tibia, with 
the patella sitting anteriorly (Palastanga and Soames, 2012). The main movements 
at the knee are flexion and extension which are primarily accomplished by the 
contraction of the hamstrings or quadriceps respectively (Palastanga and Soames, 
2012). The ACL is one of the main ligaments in the knee and together with the 
surrounding muscles and ligaments, provide joint stability and injury to these 
ligaments can cause problems to an athlete’s career (Grimshaw et al., 2007). The 
ACL and posterior cruciate ligament (PCL) cross each other inside the knee joint 
and are named in relation to their tibial attachments (Palastanga et al., 2006).  
 
Shown to tolerate large amounts of bodyweight before rupturing (Woo et al., 
1991), the ACL originates from the tibia immediately anterolateral to the anterior 
tibial spine; passing under the transverse ligament running posteriorly, laterally 
and proximally before finally inserting into the posterior part of the medial surface 
of the lateral femoral condyle (Palastanga et al., 2006). The main role of the ACL is 
to prevent anterior translation of the tibia in relation to the femur and act as a 
restraint to both internal and external rotation as well as valgus stresses (Dargel et 
al., 2007, Cooper et al., 2011). The hamstrings are ACL synergists and provide a 
posterior tibial shear force and therefore limit ACL loading, thus reducing tibial 
anterior translation and strain on the ACL (Blackburn et al., 2009).  
 
An ACL injury occurs as a result of a lack of stability provided by both the passive 
and dynamic stabilisers of the knee (Hughes and Watkins, 2006). Non contractile 
structures of the knee such as the joint capsule, lateral and medial menisci and four 
extracapsular ligaments; lateral, medial, ACL and PCL provide passive stability to 
the knee (Hughes and Watkins, 2006). Dynamic stability is provided by the 
muscles crossing the joint, particularly the hamstrings, quadriceps (Ahmad et al., 
2006) and triceps surae (Hughes and Watkins, 2006). Current evidence suggests 
that the increased incidence of ACL injury in females is as a result of sex 
differences in the dynamic stabilising structures of the knee (Hughes and Watkins, 
2006). 
10 
 
  2.3 Incidence of ACL injury 
 
Many studies in sport injury literature refer to incidence rate when addressing 
injury risk factors, where incidence quantifies the occurrence of new cases of a 
given injury in a population (Hewett et al., 2007b). Although statistics provide 
universal information regarding ACL injury risk, they are generally based on the 
adult population, with the relative risk of ACL injury during childhood yet to be 
thoroughly explored due to the difficulty in collecting incidence data in this 
population (De Ste Croix and Deighan, 2012). However, current evidence suggests 
that in children the knee is the most frequently injured joint, with around 63% of 
all sports related injuries in 6-12 year olds occurring here (Gallagher et al., 1984).  
 
Early investigations found that high school athletes (14-18 years) had a similar 
injury pattern to collegiate athletes (DeHaven and Lintner, 1986), with ACL injury 
incidence higher in female basketball and soccer players than male players (Arendt 
and Dick, 1995).  In contrast, reports that high school soccer players have a higher 
ligament injury rate than collegiate players are also available (Lindenfeld et al., 
1994). Yu et al. (2002b) used data obtained from the American Board of 
Orthopeadic Surgeons in order to report the age and sex distribution of ACL 
injuries. The authors established that most ACL injuries occur in the 16-18 year old 
age group and that males sustain more ACL injuries than females at every age 
apart from when 15 years old (Figure 2.1). However, a major limitation to this 
study is that the data only consists of people requiring a surgical reconstruction, 
therefore failing to account for injuries not resulting in surgery. For that reason, it 
is possible that this study underestimates the incidence of ACL injury.  
 
Shea et al. (2004) acquired data from a United States insurance company that 
annually covered over 1 million male and female youth football players in order to 
analyse ACL injury trends. The general age distribution was similar to Yu (2002) 
with the highest frequency of injuries occurring in the 14-18 year old age bracket. 
The pattern with regards to sex however was contrasting, as Shea and collegues 
(2004) reported that females have almost twice as many ACL injury claims (73 per 
annum) than males (38 per annum). In every age group from 12 years to 18 years, 
female injury claims account for a higher proportion of total claims (Figure 2.2). 
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Again a major limitation to this study is that not all injuries would result in an 
insurance claim, therefore it is possible that these results underestimate ACL 
injury incidence.  
 
 
 
 
 
 
 
 
 
Figure 2.1 Number of ACL reconstructions performed by candidates for certification 
before the American Board of Orthopedic Surgeons in (Yu et al., 2000b). 
 
 
 
 
 
 
 
 
 
Figure 2.2 Incidence of claims for ACL injury in youth soccer, as a percentage of all 
claims (Shea et al., 2004). 
 
Similarly, Emery and Weeuwisse’s (2010) study on 13-18 year-old male and 
female football players identified injury rate to increase with age; with the highest 
injury rate in the eldest age groups. However, they reported no significant sex 
difference, but noted in females a trend towards a higher risk of ankle and knee 
injuries than the male players. Despite the small number of studies and limitations 
to the data, it is consistently shown that there seems to be an increased risk of ACL 
injury between 13-18 years of age and that this risk is greater in females than 
males when taking hours of exposure into account.  
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2.4 Non-contact injury mechanisms 
 
Investigations tend to focus on non-contact ACL injuries because in football 
between 70% and 90% of ACL injuries are reported to occur in non-contact 
situations (Hertel et al., 2004). A non-contact ACL injury occurs without any 
physical contact from an outside source, it is the individual themselves and 
generally not a result of foul play (Fauno and Wulff Jakobsen, 2006). Therefore, 
investigating the mechanisms of injury is a vital part of research as it allows an 
evaluation of any events or causes for injury and as a result develops 
understanding in this area (Renstrom et al., 2008). Additionally, another concern 
when returning to sport following an ACL injury is the reinjury rate to the newly 
reconstructed ACL or to other surrounding structures. Limited data reports a wide 
range of rerupture rates ranging from 2.3%-13% (Myklebust and Bahr, 2005). 
With an increased understanding of the mechanisms associated with the why and 
how these injuries happen, it makes it possible to produce specific interventions in 
order to try and prevent future sporting injuries (Bahr and Krosshaug, 2005). 
 
A variety of methodologies have made it possible to assess ACL injury mechanisms 
(Figure 2.3). Interviews with injured players, cadaver studies, video analysis, 
clinical studies are a few examples of the methodological approaches used to  
further our knowledge on the mechanisms of ACL injury (Alentorn-Geli et al., 
2009). In addition to these methods, recent research has used predictive 
algorithms to identify those with an increased risk of ACL injury (Myer et al., 
2011). 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.3 Research approaches to describe the mechanisms of injuries in sport 
(Krosshoug et al., 2005).  
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Interviews with athletes are a common method used when investigating the 
mechanisms of an ACL injury. By questioning those who have sustained an injury, 
it is possible to identify common activities being performed, from data collected 
through a relatively easy process (Krosshoug et al., 2005). A limitation associated 
with interviews is the lack of precise definitions of contact and non-contact, 
whether this means player contact or ground contact (Krosshoug et al., 2005). This 
could easily confuse the player when reporting back if it is not clarified. As well as 
this, players might not remember exactly what happened and the situation they 
were in (Quatman et al., 2010). Video analysis is also a useful method as it allows 
repeat observations of the events leading up to an injury and can sometimes give a 
more specific and detailed account when compared with athletes interviews, 
however it depends on the quality of the footage (Quatman et al., 2010) and it is 
sometimes difficult to identify the exact moment of injury and if joint positions 
cause injury or are a result of injury (Shimokochi and Shultz, 2008). Both methods 
have successfully provided information on both the situation and movement 
patterns associated with ACL injury with common mechanisms being identified. 
Non-contact ACL injuries are reported to occur during weight-bearing activities 
(Boden et al., 2000, Fauno and Wulff Jakobsen, 2006, Ferretti et al., 1992, Olsen et 
al., 2003), with mechanisms such as landing from a jump (Hewett, 2000); 
especially with the knee extended or suddenly decelerating the body while 
running (with or without a direction change) representing the main activities 
being performed when most injuries occur (Table 2.1). Injured patients clearly 
stated that upon injury, the injured leg’s foot was in contact with the ground 
(Fauno and Wulff Jakobsen, 2006). Video analysis has also identified cutting and 
landing situations to be a predominant cause of non-contact ACL injuries 
(Renstrom et al., 2008), with the knee flexion angle being an important injury 
characteristic, with injury occurring when the leg is either extended or 
hyperextended (McNair et al., 1990, Boden et al., 2000).  
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Table 2.1 Activities observed or reported at the time of Non-contact ACL injuries 
(Shimokochi and Shultz, 2008).  
 
 As well as the above playing situations, specific movements at the joint can occur 
and are suggested to be involved in the injury mechanisms. These movements 
include knee valgus, varus, internal rotation, external rotation and anterior 
translation force, with a combination producing a high strain on the ACL 
(Alentorn-Geli et al., 2009). Landing in either a varus or valgus also creates a less 
stable position for the knee (Hewett, 2000). It was suggested by Boden et al. 
(2000) that the most common kinematic position related to a non-contact ACL 
injury was when the knee was close to full extension, the foot was planted during 
deceleration, the tibia was externally rotated and there was a valgus collapse at the 
knee (Alentorn-Geli et al., 2009). It is therefore suggested that ACL injury occurs 
when the knee is forced into frontal plane movement with corresponding rotation 
(Shimokochi and Shultz, 2008, Quatman et al., 2010). 
 
The ACL serves as a restrain to anterior tibio-femoral shear forces. Cadaveric 
studies have investigated the strain the ACL experiences during various loading 
patterns and emphasize the importance of anterior shear forces in ACL injury 
(Renstrom et al., 2008). These studies have shown that the ACL is more vulnerable 
to excessive anterior loads when the joint is positioned near full extension 
 
Reference 
Total 
observed 
sample 
Decelerating 
from running 
without 
changing 
direction 
Decelerating 
from 
running 
with 
direction 
change 
 
Jump 
 
Landing 
 
Plant 
and 
cut 
 
Unknown 
Boden et 
al. 
(2000) 
81 4 44  32  1 
Fauno 
and 
Wulff 
Jakobsen 
(2006) 
 
105 
  
66 
  
26 
  
13 
Ferretti 
et al. 
(1992) 
 
84 
   
46 
 
38 
  
Olsen et 
al. 
(2003) 
 
35 
    
16 
 
19 
 
Total 305 4 110 46 112 19 14 
Ratio % 100% 1.31% 36.07% 15.08% 36.72% 6.23% 4.59% 
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(DeMorat et al., 2004). This is due to excessive contraction forces of the quadriceps 
to decelerate the body at relatively low knee flexion angles (Hewett, 2000) which 
increase the ACL loading (Shimokochi and Shultz, 2008). This combined with the 
forces applied through the multiple planes from the valgus/varus and tibial 
internal/external rotation movement of the player, further loads the ACL and can 
cause significant anterior tibial translation and cause injury to the ACL (Renstrom 
et al., 2008, Shimokochi and Shultz, 2008, Alentorn-Geli et al., 2009).  
 
Due to the nature of the game, actions such as cutting, decelerating and landing 
from a jump are repeatedly performed during training as well as competitive 
fixtures. Therefore a greater understanding of injury mechanisms and identifying 
sex-specific risk factors placing young females at risk of sustaining an ACL injury is 
required.  
  
2.5 Risk factors for ACL injury in females 
 
In order to reduce the number of ACL injuries, especially in female athletes, risk 
factors must be identified. Understanding injury risk factors is a focal point for 
researchers and clinicians to help develop effective prevention strategies and 
interventions to help athletes at risk (Renstrom et al., 2008). Risk factors are 
generally described as extrinsic and intrinsic; extrinsic or external risk factors are 
outside of the body, whereas intrinsic or internal risk factors are those within the 
body (Murphy et al., 2003).  
 
Multiple external and internal risk factors may be associated with ACL injury and 
these are generally divided into four distinct categories; environmental, 
anatomical, hormonal and neuromuscular (Silvers and Mandelbaum, 2007, 
Renstrom et al., 2008, Griffin et al., 2006) with fatigue often suggested as an added 
risk factor (Yu et al., 2002a). Additionally, risk factors can be categorised as 
changeable/unchangeable (Minshull, 2004) or modifiable/non-modifiable 
(Alentorn-Geli et al., 2009) depending on if they can be altered or improved which 
is highlighted in Figure 2.4. For both sexes, environmental factors exist and include 
things such as the sport, footwear and playing surface (Renstrom et al., 2008), 
however studies tend to focus on the three internal risk factors.    
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2.5.1 Anatomical and Hormonal risk factors 
Various anatomical differences exist between sexes which have been associated 
with the increased risk of non-contact ACL injury in female athletes (Griffin et al., 
2006). The main anatomical difference is that females have an increased 
quadriceps femoris angle (Q angle), a narrower intercondylar notch and a smaller 
ACL (Griffin et al., 2006, Silvers and Mandelbaum, 2007), as well as more well 
know factors such as having less muscle mass and a greater body fat content 
(Alentorn-Geli et al., 2009). However, there is no definitive evidence that 
anatomical risk factors are directly related to an increased ACL injury rate in 
females (Alentorn-Geli et al., 2009) and in addition to this, anatomical factors are 
generally non-modifiable and therefore there is little or no opportunity for 
intervention in this area (Hewett, 2000). Hormonal factors have also been 
investigated with suggestions that estrogen, progesterone and the phase of the 
menstrual cycle may play a role in the increased ACL injury rates in female athletes 
(Hewett, 2000), however the results are inconsistent and warrant further 
investigation (Yu et al., 2002a).  
 
2.5.2 Neuromuscular risk factors 
Although it is essential to understand the anatomical and hormonal risk factors 
associated with ACL injury, they are difficult to modify which therefore leaves 
neuromuscular risk factors as an interesting topic as they can be improved 
through integrative neuromuscular training injury (Myer et al., 2011) and 
proprioceptive preventative training (Silvers and Mandelbaum, 2007). 
Neuromuscular imbalances have been recognised and related to the underlying 
ACL injury mechanisms. These are generally referred to as ligament dominance, 
quadriceps dominance, leg dominance and trunk dominance and can cause 
dynamic knee instability (Hewett et al., 2010). Furthermore, they are suggested to 
be responsible for sex differences in ACL injury rates (Hewett et al., 2007a, Yu et 
al., 2002a).  
 
Ligament dominance is frequently observed in female athletes and the concept is 
characterised by the lower extremity muscles not adequately absorbing the large 
ground reaction forces present during sporting maneuvers (Hewett et al., 2010). 
This inability to control motion results in excessive loading of the joint, especially 
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the ACL as it acts to limit valgus forces, thus making ligament rupture possible 
(Dugan, 2005). The resulting high ground reaction forces as well as high knee 
valgus moments and excessive knee valgus motion caused from ligament 
dominance is one of the key injury mechanism components when the knee 
collapses into a valgus position (Hewett et al., 2010). 
 
Quadriceps dominance is another neuromuscular control pattern that is associated 
with ACL injury and refers to the tendency of females to rely on their quadriceps to 
stabilise the knee joint (Dugan, 2005, Hewett et al., 2010). Females have been 
shown to recruit the quadriceps over the hamstrings (Dugan, 2005) to produce 
dynamic knee stability, which increases the strain on the ACL as the quadriceps are 
an ACL antagonist (Hewett, 2000). Therefore hamstring strength and activation 
training form the basis of ACL preventative programs (Dugan, 2005). Research has 
demonstrated that when comparing immature girls and boys with mature girls and 
boys, boys will significantly increase both hamstring and quadriceps strength 
whilst females only significantly increase quadriceps strength (Ahmad et al., 2006). 
This development of quadriceps dominance displayed in young females 
throughout growth and maturation may put them at an increased risk of ACL 
injury and highlights the importance of implementing injury prevention programs 
at a young age. Research has also identified quadriceps dominance in traditionally 
trained male youth football players (Iga et al., 2009). Currently there is no 
comparable data on female youth football players, however if this finding is 
present in conventionally trained females it would further develop quadriceps 
dominance, placing them with an even greater relative risk of injury. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.4 ACL injury risk diagram (Minshull, 2004)
1
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Leg dominance is a third type of neuromuscular imbalance between muscular 
strength and recruitment patterns on opposite limbs (Hewett et al., 2010). This 
significant side-to-side strength and flexibility deficit tends to be greater in adult 
females than males (Hewett et al., 2010, Dugan, 2005) and may lead to ACL injury 
due to the greater stress placed on the dominant knee, or ineffective force 
absorption in the weaker non dominant knee (Dugan, 2005). Finally, trunk 
dominance is defined as the inability to control the trunk in three dimensional 
space and may be related to growth and maturation in females (Hewett et al., 
2010). Throughout growth and maturation females increase stature and body 
mass, resulting in a higher centre of mass which causes difficulty in controlling and 
balancing the body. In a sporting context, female athletes may display excessive 
trunk motion and result in medial-lateral torques on the knee (Hewett et al., 2010).  
 
2.5.3 Lower extremity neuromuscular fatigue 
It is well recognised in the available literature that injury to the ACL appears to be 
more prevalent in the latter stages of sporting performance and most likely when 
muscle fatigue is present (Small et al., 2010). When fatigued, muscles surrounding 
the knee joint may lose the ability to protect the joint through altered 
neuromuscular control (Smith et al., 2009) and recruitment patterns (Murphy et 
al., 2003). Changes in electromyographic activity, joint kinematics and vertical 
ground reaction force magnitudes may be present as well as changes in lower 
extremity stiffness during landing. These changes may alter the distribution of 
forces throughout the joint (Murphy et al., 2003), as well as negatively affect the 
neuromuscular control of the knee in both males and females, making it more 
susceptible to injury (Smith et al., 2009). These suggestions add fatigue to the list 
of potential risk factors for non contact ACL injuries, highlighting the importance of 
its consideration when studying prevention strategies (Yu et al., 2002a).  
 
Many studies have explored potential risk factors associated with ACL injury, 
highlighting sex differences that place female athletes with an increased relative 
risk of sustaining such injury. These sex differences which alter movement 
patterns, muscle activation and muscle stiffness (Griffin et al., 2006) have led to 
the focus on neuromuscular preventative programs in order to reduce dynamic 
20 
 
knee loading and to help reduce the relative injury risk in females (Shultz, 2008, 
Hewett, 2000). It is however suggested that ACL injury in female athletes is a 
multifactorial problem which remains poorly understood (Shultz, 2008) and 
therefore requires further investigations.   
 
2.6 Role of the hamstrings and quadriceps 
 
The hamstring muscle group consists of the biceps femoris, semitendinosus and 
semimembranosus, all of which are two joint muscles as they cross the posterior 
hip and knee joints (Palastanga and Soames, 2012). The quadriceps muscle group 
consists of the rectus femoris, vastus lateralis, vastus medialis and vastus 
intermedius, with the rectus femoris originating from the pelvis while the other 
three muscles originate from the femur (Palastanga and Soames, 2012). Both the 
hamstring and quadriceps muscles are crucial for knee joint stability playing an 
important part in several motor abilities such as running and jumping (Bamaç et 
al., 2008) as well as dynamic movements such as landing and cutting, where 
reliance is placed on these muscles to provide adequate joint stability and 
therefore help prevent injuries (Hughes and Watkins, 2006). Muscle actions of the 
hamstrings (flexors) and quadriceps (extensors) increase joint contact forces and 
limit shear movement within the tibiofemoral joint. This activity should result in a 
zero shear load on the tibia, therefore putting minimal strain on the knee 
ligaments (Hughes and Watkins, 2006). However, if an imbalance exists between 
the knee extensors and flexors, for example a greater shear load exerted by the 
quadriceps than the hamstrings, a consequential anteriorly directed shear force 
may be placed on the tibia, thus increasing ACL strain (Hughes and Watkins, 2006) 
and therefore making the hamstrings and ACL more susceptible to injury 
(Holcomb et al., 2007). 
 
Agonist/antagonist muscle groups such as the quadriceps and hamstrings work 
together in order to control the joint that they cross (Osternig, 2000), which in this 
case is the knee. When a muscle contracts and causes a movement it is acting as an 
agonist while another muscle opposes this movement by developing eccentric 
tension acts as an antagonist (Hall, 2007). The capacity of each muscle to produce 
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adequate force to balance the antagonists and co-contract, is a vital aspect of joint 
stability (Osternig, 2000).  
 
Changes in muscle length occur with tension development and the resulting 
muscle force production is described as a concentric or eccentric action (Hall, 
2007). A concentric muscle action is when muscle tension is developed and the 
muscle shortens, with an eccentric muscle action being when muscle tension is 
developed and the muscle lengthens (Grimshaw et al., 2007). Eccentric tension 
acts as a braking mechanism in a joint in order to control the speed of a movement 
and is therefore an important muscular action (Hall, 2007). The importance of the 
eccentrically co-acting hamstrings in the maintenance of dynamic knee stability 
during forceful knee extension has been recognised (Osternig, 2000) and therefore 
forms an important part of preventative training in order to ensure muscular 
imbalances between the hamstrings and quadriceps are reduced (Kim and Hong, 
2011).  
 
2.7 Isokinetic dynamometry 
 
An isokinetic dynamometer (Plate 2.1) is a device used to assess isokinetic torque 
of muscles during various movement patterns and are used extensively in a sport 
science setting in order to examine neuromuscular performance, as well as within 
a rehabilitation or medicine setting following injury (Grimshaw, 2006). The device 
controls the velocity of a movement, keeping it constant and is able to resist the 
force generated by the participant as well as generate force depending on the 
mode used (Osternig, 2000).  
 
The primary muscle actions tested are concentric or eccentric and this can be done 
on the majority of joints within the human body (Grimshaw, 2006). During 
concentric assessments, the participant is required to accelerate the limb ensuring 
maximum force is applied against the lever arm throughout the full range of 
motion. During eccentric assessments, the participant is required to resist the 
lever arm, again ensuring this is done throughout the entire range of motion. 
Specifically to the knee joint, isokinetic testing can be used to assess the muscle 
strength of the hamstrings and quadriceps at a set range of movement and at 
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various angular velocities. From determining the force generated from both 
muscles in various actions, it allows the calculation of muscle strength ratios (H/Q) 
which provide information on the functional stability of the knee (Bamaç et al., 
2008). 
 
There are various methodological considerations when determining paediatric 
isokinetic strength. Equipment and protocols should be adapted to enable the 
appropriate and accurate testing of children, and a familiarisation session should 
be included in the study design in order to reduce the effect of learning on the test 
data and ensure valid and reliable data is collected (De Ste Croix et al., 2003).  
Limited information exists on eccentric strength capabilities in children due to a 
concern it may predispose them to injury, however if they are adequately 
instructed and given a sufficient warm up as well as a previous habituation session 
there is no reason to expect a higher risk of muscle injury (Blimkie and Macauley, 
2000, De Ste Croix et al., 2003).  
 
 
Plate 2.1 Isokinetic Dynamometer 
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2.8 Hamstring/Quadriceps muscle strength ratios  
 
Reciprocal muscle group ratios are an important part of research due to the fact 
they provide essential information on muscle balance or imbalance around a joint 
(Baltzopoulos and Brodie, 1989), however most of the available literature is 
focused on adults (De Ste Croix and Deighan, 2012). The most frequently reported 
strength ratio is the hamstring to quadriceps (H:Q) ratio (Holcomb et al., 2007). 
This is possibly due to the negative implications associated if the quadriceps 
torque exceeds the hamstrings torque, making the ACL and hamstrings more 
susceptible to injury (Holcomb et al., 2007). A recent study clearly linked the 
relative risk of injury to muscular imbalance of the H/Q ratio (Yeung et al., 2009) 
which  further stresses the importance of the H:Q ratio.  
 
2.8.1 Conventional Hamstring/ Quadriceps (CH/Q) ratio  
Until recently, the H/Q ratio has generally been conventionally calculated by 
dividing the maximal concentric knee flexion moment by the maximal concentric 
knee extension moment (Aagaard et al., 1998). However, as opposing muscles are 
not capable of simultaneous muscle actions (Holcomb et al., 2007), calculating the 
CH/Q has been questioned due to its lack of functional relevance. True knee joint 
movement only allows the hamstrings to act eccentrically while the quadriceps 
contract concentrically during knee extension or vice versa during knee flexion 
(Aagaard et al., 1998) which has therefore seen the introduction of a functional 
ratio. 
 
2.8.2 Functional Hamstring/Quadriceps (FH/Q) ratio  
During knee flexion, the hamstrings contract concentrically (HCON) and the 
quadriceps contract eccentrically (QECC), furthermore during knee extension the 
quadriceps contract concentrically (QCON) and the hamstrings contract 
eccentrically (HECC) (Coombs and Garbutt, 2002). Therefore in order for the H/Q 
ratio to describe normal knee function (De Ste Croix et al., 2007) and account for 
the agonist-antagonist relationship, the functional ratio assessing the HECC and QCON 
during knee extension or the HCON and QECC during knee flexion is more 
functionally relevant (Aagaard et al., 1998, De Ste Croix et al., 2007). The FH/Q 
ratio is therefore calculated by expressing maximal eccentric hamstring moment 
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relative to maximal concentric quadriceps moment at a given angular velocity 
(Aagaard et al., 1998). The FH/Q ratio identifies the capability of the hamstrings to 
counteract the quadriceps with a ratio of 1.0 being the recommendation, indicating 
the competence of the hamstrings to provide adequate dynamic joint stability 
(Aagaard et al., 1998). However, this value of 1.0 was derived using peak torque 
(PT) and thus in the middle of the range of movement (De Ste Croix and Deighan, 
2012), therefore an adequate ratio closer to full knee extension remains to be 
determined.  
 
2.9 Effect of knee joint angle on ratio 
 
The importance of joint angle has been highlighted in epidemiological findings, 
which are in agreement that an ACL rupture is most likely to occur near full knee 
extension (Renstrom et al., 2008). However, past and present literature have 
focused investigations on calculating H/Q ratios using PT, which may not 
accurately represent the functional ratio as the angle of PT occurs in the mid range 
of joint movement and that the joint angle where PT occurs for eccentric and 
concentric muscle actions may be different (Forbes et al., 2009). Therefore, when 
considering the FH/Q ratio it would seem essential to calculate the ratio at various 
angles approaching full extension in order to establish if a relative injury risk is 
identifiable through a low ratio.  
 
Recent work by Forbes et al., (2009) has highlighted the issue of using PT to 
calculate the FH/Q ratio. This study on elite male youth football players (12-18 
year-olds) demonstrated that the concentric quadriceps PT occurred at angles 
from 72-78°, where as the eccentric PT occurred at much lower angle from 31-38°. 
Therefore a calculation of the FH/Q ratio using PT is being represented by two 
values that do not reflect a functional movement of the joint as they do not occur at 
the same angle when the muscles would counteract each other. In addition, it is 
evident that the joint angle where non-contact ACL injury is likely to occur (0-30°) 
is not the same angle where PT is generated (30-80° of knee flexion) (De Ste Croix 
and Deighan, 2012). Based on these findings, it seems apparent that any research 
on the FH/Q ratio should use angle specific torque values; specifically as the knee 
approaches full extension, in order to provide functional relevance.  
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The knee joint angle specific FH/Q ratio has been briefly considered but mainly 
ignored within the literature, despite its potential in identifying muscle function 
deficiencies (De Ste Croix and Deighan, 2012). Aagaard et al., (1998) investigated 
joint angle-specific FH/Q ratio in track athletes, reporting an increase in the ratio 
with a decrease in joint angle. However, they only used 30°, 40° and 50° of knee 
flexion; ignoring joint angles lower than 30°. Furthermore, Coombs and Garbutt 
(2002) calculated angle-specific FH/Q ratios in recreational athletes, including 
calculations throughout the full 90° range of movement. They also found the ratio 
increased as the joint moved closer to full extension (Figure 2.5).  
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.5 Functional hamstring/quadriceps ratio (Hecc/Qcon) as a function of knee 
joint angle at 60°/s (Coombs and Garbutt, 2002).  
 
One study on pubertal males (13.7 year-olds) calculated the FH/Q ratio at various 
angular positions (Kellis and Katis, 2007) with the findings corresponding with the 
adult literature. The FH/Q ratio significantly increased as the knee approached full 
extension suggesting that young boys have a reduced injury risk during fast 
movements and when the knee is fully extended, further supporting the 
importance of using angle-specific calculations. It is possible that this finding 
would differ in female populations due to the reduced hamstring strength 
development often displayed throughout the development years in comparison to 
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males (Ahmad et al., 2006). However, this requires future investigation as there is 
currently a lack of available data on females throughout childhood.  
 
This increase in ratio displayed is due to a decrease in concentric quadriceps 
strength while eccentric hamstring strength remains relatively constant (Coombs 
and Garbutt, 2002, Aagaard et al., 1998) and is a reflection of the contractile force 
to muscle length relationship (Aagaard et al., 1998). At extended knee angles, the 
hamstrings become close to their optimal length unlike the quadriceps, thus the 
hamstrings produce a higher force than the compromised quadriceps resulting in a 
high FH/Q ratio (Aagaard et al., 1998).  There are currently no studies available on 
the FH/Q ratio on females during childhood that have examined the ratio from an 
angle specific perspective, specifically in the last 30° of knee extension. Future 
research on high risk populations is therefore needed using angle-specific FH/Q 
ratio in order to fully understand the functioning of the knee near full extension 
where knee injury is most prominent (De Ste Croix and Deighan, 2012). 
 
2.10 Effect of angular velocity on ratio 
 
As well as joint angle, epidemiological findings have also identified the importance 
of considering angular velocity when calculating the FH/Q ratio due to the fact ACL 
injury is also likely to occur during high velocity movements (Renstrom et al., 
2008). As dictated by the force-velocity curve, the FH/Q ratio will increase as 
angular velocity increases (De Ste Croix et al., 2007). This is due to eccentric 
torque remaining similar throughout a range of angular velocities, while 
concentric torque decreases, thus showing an increase in the ratio which occurs 
regardless of sex (Griffin et al., 1993). Both studies previously mentioned on adults 
support this by demonstrating that the FH/Q ratio increased as angular velocity 
increased (Aagaard et al., 1998, Coombs and Garbutt, 2002).  
 
Limited research on the FH/Q ratio throughout childhood is available, with only 
one study including females in the sample (De Ste Croix et al., 2007). Therefore the 
effect of angular velocity on the FH/Q ratio in childhood is based on limited studies 
using a few velocities; however they are in agreement with the adult literature that 
the FH/Q ratio increases as velocity increases (Gerodimos et al., 2003, Kellis and 
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Katis, 2007, De Ste Croix et al., 2007). Kellis and Katis (2007) and Gerodimos et al., 
(2003) both used two angular velocities (60°/s and 180°/s) when investigating the 
FH/Q ratio in pubertal males. Both authors revealed that the FH/Q ratio was 
significantly higher at the higher angular velocity (180°/s) suggesting that the 
knee flexors have a higher capacity to produce maximal moments when near full 
extension and at increased angular velocities. De Ste Croix et al. (2007) 
investigated the FH/Q ratio in pre-pubertal children, teenagers and adult male and 
females and found a significant velocity effect. The authors reported the FH/Q ratio 
to be higher at faster angular velocities (180°/s) compared with slower angular 
velocities (30°/s) (De Ste Croix, et al., 2007). This increase at higher velocities was 
suggested to provide protection against the large anterior tibial translation at high 
quadriceps forces, through the ability of the hamstrings to significantly contribute 
to co-contraction.  
 
As only one study has investigated two velocities in young females, it is important 
that future studies investigate this area, ensuring a range of velocities are used as 
well as ensuring the FH/Q ratio is calculated using angle specific data. This will 
increase functionally relevant data for a population at risk of non-contact ACL 
injury.  
 
2.11 Effect of age and maturation on the H/Q ratio  
 
As previously stated, there is no available research regarding angle-specific FH/Q 
ratios in children. It is suggested that this gap is due to studies not testing eccentric 
muscle actions on children due to a fear that eccentric testing may predispose 
them to a higher risk of muscle injury (De Ste Croix et al., 2003). However, 
providing the child undergoes a sufficient warm up before testing and previously 
had a familiarisation session there is no reason to expect a high risk of muscle 
injury (Blimkie and Macauley, 2000). A few studies have investigated the FH/Q 
ratio in children, providing valuable information on children across various ages, 
however only one includes females in the sample (De Ste Croix et al., 2007). These 
studies can be seen in Table 2.2 and have generally found significantly higher 
eccentric compared to concentric strength depending on movement veolcity.  
 
 
 
 
Table 2.2 Paediatric Functional Hamstring/Quadriceps Ratio findings 
Author n Sex Age (y) Velocity (°/s) Findings 
 
Gerodimos et al. 
(2003) 
 
180 
(30 per age) 
 
M 
 
12-17y 
 
60°/s and 180°/s 
 
No significant age effect 
Ratio increased as velocity increased 
 
Kellis and Katis 
(2007) 
 
17 
 
M 
 
13y 
 
60°/s and 180°/s 
 
Ratio increased as knee extends 
Ratio increased as velocity increased 
 
De Ste Croix, 
Deighan and 
Armstrong (2007) 
 
121 
 
M (n=49) 
F (n=72) 
 
9, 17, 24 
 
30°/s and 180°/s 
 
Ratio increased as velocity increased 
No significant sex difference 
Significant age effect (children lower ratio 
than adults) 
 
Iga et al. (2009) 
 
45 
 
M 
 
15y 
 
60°/s and 250°/s 
 
Decreased ratio in conventionally trained 
football players compared with resistance 
trained 
 
Forbes et al. 
(2009) 
 
157 
 
M 
 
11-18y 
 
60°/s 
 
Significant age effect (lower ratio in 18 y olds) 
2
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Gerodimos et al. (2003) investigated both CH/Q and FH/Q ratios in young male 
basketball players and reported no significant effect of age on either the 
conventional or functional ratio. From this they suggested young basketball 
players develop both flexor and extensor torque throughout the developing years 
resulting in this non-significant effect of age on the ratio. However, conflicting 
studies are available that report a significant age effect on FH/Q ratio in youth 
footballers as well as non trained children (De Ste Croix et al., 2007, Forbes et al., 
2009).  
 
Conflicting data are available and De Ste Croix et al. (2007) found a significant age 
effect in the FH/Q ratio. Unlike Gerodimos et al. (2003), the study of De Ste Croix et 
al. (2007) used an extended hip position, which is functionally relevant as it 
reflects the body position in sporting activity, and tested concentric cycles before 
eccentric cycles. De Ste Croix et al. (2007) reported a significantly lower ratio 
(0.97) in 9-10 year olds at 180°/s than both teenagers (1.23) and adults (1.19), 
concluding that the low ratio in prepubertal children may be due to an inability to 
recruit their entire motor unit pool when performing eccentric actions. 
Consequently, this may be in order to protect their immature musculoskeletal 
systems (De Ste Croix and Deighan, 2012). As this is the only study on young 
females further research is necessary to explore this age effect, ensuring a 
functionally relevant hip position is used as well as performing concentric actions 
before eccentric in order to rule out the possibility of an increase in concentric 
torque if performed last (Mohtadi et al., 1990, Hildebrand et al., 1994).  
 
Forbes et al. (2009) conducted a large cross-sectional study on elite male 
footballers, aged from 12-16 years which conflicts with the findings of Gerodimos 
et al. (2003) as they reported a significant age effect on the torque profiles 
collected. The FH/Q ratio was significantly lower in the U18 age group players 
(0.84) compared with the U12’s (1.01). This was due to a greater increase in the 
torque of the concentric quadriceps compared with that of the eccentric 
hamstrings. Although these findings are opposite to that of De Ste Croix et al. 
(2007), it is suggested that sport specific training; in particular a limited focus on 
eccentric hamstring training in youth football maybe responsible for the 
conflicting findings. Recent work by Iga et al. (2009) support this and reported a 
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training effect in youth footballers. Players who followed a conventional training 
schedule which focussed on common technical and tatical skills had a significantly 
lower ratio compared with players who follow a resistance training schedule 
focusing on lower-body resistance exercises (Iga et al., 2009). These findings 
suggest that conventional training asymmetrically strengthens the muscles about 
the knee, altering balance and thus producing a quadriceps dominance by players. 
The author concluded that an introduction of a resistance training session may 
help to ensure lower limb muscle balance (Iga et al., 2009). A major limitation of 
this study is that the authors did not followed the method of calculating the FH/Q 
ratio as described by Aagaard et al. (1998) as they used eccentric torque data from 
a different angular velocity (123.8°/s) to the concentric torque data (61.9 and 
247.5°/s) therefore not replicating a functional knee action. No comparable 
research has been performed on female youth football players however, if this 
finding is similar for conventionally trained females it would further increase the 
quadriceps dominance theory and place this population at an even greater relative 
risk of knee injury, therefore highlighting the need for appropriate training 
intervention and future research on this population. 
 
Ahmad et al. (2006) investigated maturity and sex differences on different 
variables including hamsting and quadriceps strength in order to determine when 
the most appropriate time to introduce an ACL injury prevention program was in 
youth footballers. They reported significant effects of sex and maturity on 
quadriceps and hamstring strength (Figure 2.6). With maturity, there was a 
significant increase in both hamstring and quadriceps strength in boys and girls. 
However, boys developed hamstring strength to a greater extent than females. The 
authors concluded that girls after menarche increased their quadriceps strength 
greater than their hamstring strength which may put them at risk of ACL injury.  
 
As there are limited studies available throughout childhood using a FH/Q ratio and 
only one of these using females, it leaves scope for future investigation in this area. 
It is essential to understand the functioning of the knee in young females as they 
are at an increased relative risk of injury. Further investigations should ensure a 
functionally sound method is followed using angle specific averages to calculate 
the ratio to fully understand the events occuring withing the joint, especially at the 
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point where knee injury is most likely to occur (0-30° of full knee extension) (De 
Ste Croix and Deighan, 2012). Furthermore, children need to be introduced to 
appropriate training as soon as possible in order to develop motor skills and aid 
muscle strength development. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.6 Quadriceps and hamstring strength for immature and mature girls and 
boys (Ahmad et al., 2006).  
 
2.12 Electromyography  
 
Electromyography is a technique used that identifies, amplifies and records the 
electrical activity of a muscle (Broer and Houtz, 1967) and has been established as 
an important tool when investigating muscle activation and co-ordination 
(Rahnama et al., 2006). The use of EMG is widespread in many disciplines but 
specifically to sports science it is a useful evaluation tool used in relation to 
biomechanics, movement analysis, strength training and rehabilitation (Konrad, 
2005).  
 
Surface electrodes are most frequently used due to the relatively easy and non-
invasive application making them convenient (Basmajian and De Luca, 1967).  A 
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limitation of surface electrodes is that only superficial muscles can be palpated and 
therefore assessed (Basmajian and De Luca, 1967), however surface EMG is seen 
as a reliable measure of the activity in surface muscles (Ghori et al., 1995).  
 
The quality of an EMG measurement relies on appropriate skin preparation as well 
as accurate electrode positioning (Konrad, 2005). The skin should be cleansed in 
order to reduce the impedance at the electrode-skin barrier (Gleeson, 2001) which 
can simply be done using alcohol wipes (Konrad, 2005). More importantly, is the 
accurate placement of the electrodes on the desired muscles in which a number of 
steps should be taken in order to ensure a good reading (Broer and Houtz, 1967, 
Konrad, 2005). Elecrodes should be placed over the most dominent belly of the 
muscle in parralel to the muscle fibres, with an inter electrode distance no less 
than 2cm (Broer and Houtz, 1967, Konrad, 2005) The placement of the electrode 
should remain on the active muscle when it shortens and avoid the motor point 
regions of the muscle (Konrad, 2005). In additon to this a reference electrode 
should be placed on a joint or bony area (Konrad, 2005). Correct placement can be 
checked through a baseline measurment reading ensuring that noise is minimal to 
allow a clean recording when testing. Basic information such as whether a muscle 
is active or at rest can be derived from using EMG as a methodology, with the 
timing of this muscular activity being highly valued (Shultz and Perrin, 1999). 
Reaction time, electromechanical delay (EMD) and muscle firing patterns have 
been investigated in response to a stimulus and may be important neuromuscular 
characteristics in providing adequate dynamic knee stability (Shultz and Perrin, 
1999).  
 
2.13 Neuromuscular control and knee stability 
 
It is widely accepted that efficient neuromuscular control is essential to dynamic 
joint stability and protection (Shultz and Perrin, 1999). Neuromuscular imbalances 
can be described as muscle strength or activation patterns that lead to an 
increased load on the joint (Myer et al., 2004). The hamstrings, (ACL synergists), 
have been identified as important in maintaining the stability of the joint and 
therefore their activation and co-contraction is often of great interest to 
researchers (Shultz and Perrin, 1999). Not only the amplitude of this 
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neuromuscular response is valued, but also the speed of the response which is 
considered vital to ACL protection (De Ste Croix and Deighan, 2012).  
 
Dynamic neuromuscular restrains to the lower extremity joint motion include both 
feed-forward and feedback motor control loops (Hewett et al., 2005, Ford et al., 
2011). Feed-forward neuromuscular control mechanisms are developed through 
previous repeated movement patterns and activate muscles surrounding the joint 
before any excessive loading (Ford et al., 2011). This activation allows force 
absorption and consequently decreases stress on the ligaments (Hewett et al., 
2005). Feedback or reactive motor control strategies alter muscle activation in 
response to situations/a stimulus that load the lower extremity joints such as the 
knee (Hewett et al., 2005). This EMD which are inherent mechanisms of feedback 
may limit the effectiveness of muscular joint protection during dynamic 
movements (Ford et al., 2011). Both mechanisms are important in adults and 
children, as is appropriate neuromuscular training which can assist the 
development of both feed-forward and feedback mechanisms in order to increase 
knee protection (Hewett et al., 2005).  
 
2.13.1 Knee muscle activation 
It is not just muscular activation that forms an important part of sports 
performance, it is the speed of this activation and joint stiffening that is vital to 
protect the joint from the large forces applied (De Ste Croix and Deighan, 2012). 
Studies investigating the age and sex associated changes in knee muscle activation 
during landing and pivoting tasks are available, however this information 
throughout childhood is sparse. Russell et al. (2007) investigated knee muscle 
activation during landings in children and adults by determining co-contraction 
ratios (CCR) of the quadriceps and the hamstrings. Significant age differences were 
reported, indicating that regardless of sex, adults pre-activated their hamstrings to 
a greater extent than children before landing. These results propose that the feed-
forward mechanism is more developed in adults compared with children (De Ste 
Croix and Deighan, 2012). This is supported by the work of Lazaridis et al. (2010) 
who reported a higher and longer pre-activation of the gastrocnemious muscle in 
adult males in comparison to pre-pubertal boys. Similar results are also reported 
in a study by Lloyd et al. (2012) who reported pre-activation and short latency 
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activation to increase with maturity when investigation stretch-shortening cycle 
activities in male youths.   
 
2.13.2 Electromechanical delay 
EMD is classified as a characteristic of neuromuscular function (Blackburn et al., 
2009) and can be defined as the latency between the onset of electrical activity in 
the muscle and the onset of force generation by that muscles contraction (Yavuz et 
al., 2010). One method for calculating EMD was proposed by Zhou et al. (1995) in 
which the onset of electrical activity was taken as a +15 µV deviation from a 
baseline measurement to the onset of force production assumed as 9.6Nm. Adult 
data suggests that EMD can vary between 30-50ms up to as much as a few hundred 
milliseconds depending on the muscle and muscle activity examined and 
movement velocity (Shultz and Perrin, 1999). It has been demonstrated that adult 
females appear to display a longer latency period between preparatory and 
reactive muscle activation than their male counterparts (Winter & Brookes 1991; 
Wojtys et al., 1996). This increased electromechanical delay (EMD), may be 
associated with uncontrolled development of forces of sufficient magnitude to 
cause damage to ligaments during sustained and repeated movements (Winter & 
Brookes, 1991), therefore implicating EMD as a possible risk factor for knee injury 
in adults.  
 
Research comparing the sex differences of the hamstrings during eccentric actions 
in adults reported no significant sex differences (Blackburn et al., 2009). However, 
in contrast to these findings, available data for other muscle groups show a 
significant sex difference with males having a quicker activation than females, thus 
a shorter EMD (Bell and Jacobs, 1986). Thus, concluding that differences in muscle 
strength between sexes may, in part be due to differences in EMD (Bell and Jacobs, 
1986). In spite of this, very few studies have investigated EMD during childhood 
with only one longitudinal study. 
 
Grosset et al. (2010) investigated ankle stiffness and EMD of the triceps surae in 
healthy children and children suffering with a hip disorder (Legg-Calve-Perthes 
disease). They reported a greater EMD in the children with the hip disorder 
compared with the healthy children, although this was based on a small sample of 
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six children. Research investigating neurological adaptations in endurance trained 
men and adults during isometric elbow and knee flexion and extension (Cohen et 
al., 2010) also found a significantly longer EMD in young children (aged 9-12 
years-old) compared to adults (65ms versus 57ms). There was however no 
significant difference between the endurance trained and untrained children, 
signifying that level of training status does not have an effect on the EMD in 9-12 
year old children. 
 
Similarly, Falk et al. (2009) reported a significantly longer EMD in pre-pubertal 
boys compared with adult males (76ms versus 48ms) when investigating child-
adult differences in muscle strength and activation patterns during isometric 
elbow flexion and extension. Zhou et al. (1995) also found a significantly longer 
EMD in 8-12 year olds (61ms for boys; 58ms for girls) when compared against 13-
16 year olds (44ms for boys; 47ms for girls) and adults (40ms for males; 46ms for 
females). These differences in muscle activation such as excitation-contraction 
coupling, muscle fibre conduction velocity and muscle-tendon stiffness have all 
been associated with longer EMD shown in children (Cohen et al., 2010), however 
further investigation is required throughout childhood and including females in 
the sample.  
 
None of the above studies have examined the EMD of the hamstrings during 
eccentric muscle actions; especially at different joint angle, therefore whether EMD 
accounts for the greater relative risk of non-contact ACL injury in girls remains 
unclear, warranting future investigations focusing on EMD throughout childhood 
during eccentric muscle actions.  
 
2.14 Leg stiffness 
 
The ability of muscles to resist movement by maintaining a particular joint angle 
within the tibiofemoral joint refers to muscle stiffness (Hughes and Watkins, 
2006). The term stiffness, is used to describe the force response that results from 
and also resists mechanical stress (Padua et al., 2005). Without adequate active 
muscle stiffness, a person maybe at risk of injury, hence muscle stiffness is an 
important factor in preventing ACL injury (Hughes and Watkins, 2006). 
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Furthermore, high levels of leg stiffness may result in possible bone injuries while 
low levels are often associated with soft tissue injuries (Hobara et al., 2008).  
 
Understanding leg and joint stiffness provides those in the field of sports 
physiology and biomechanics with important information which could be useful 
when considering performance as well as injury prevention (Hobara et al., 2008). 
Therefore, it is important to understand the mechanisms in controlling leg stiffness 
and its relationship to the stretch-shortening cycle (SSC). The SSC is a commonly 
used muscle action in everyday human movement patterns (Kubo et al., 2007) 
such as walking, running and hopping (Nicol and Avela, 2006). Muscle actions 
during rebounding activities classified as SSC must consist of pre-activation before 
ground contact, a fast eccentric action followed by an immediate and rapid 
transition from the eccentric to concentric phase (Lloyd et al., 2012). This 
mechanism of stretching the active muscle before the shortening phase of a 
movement allows for elastic energy to be stored resulting in a greater force output 
than from an isolated concentric only movement (Kuitunen et al., 2002). Effective 
use of elastic energy during SSC muscle actions involves relatively high stiffness in 
order to allow sufficient absorption of high impact forces (Kuitunen et al., 2002). 
The SSC is often represented as leg stiffness (Lloyd et al., 2012) with control of 
stiffness being a function of both feed-forward and feedback mechanisms (Wilson 
and Flanagan, 2008). Padua et al. (2005, 2006) highlighted various biomechanical 
parameters that control leg stiffness such as; muscle activation and force, reflex 
contribution, antagonist muscle co-activation, lower extremity kinematics during 
ground contact and stiffness properties of the muscle and joint complex. It is 
therefore the measurement of all of these components that enables investigators to 
determine the ability of an individual to perform SSC functions. 
 
Lower limb stiffness is often assessed through hopping, jumping and running 
protocols based in human performance laboratories (Laffaye et al., 2005, Dalleau 
et al., 2004) as they are highly functional loading conditions (Padua et al., 2005). 
Traditionally, these protocols allow stiffness to be calculated by utilising the 
properties of the spring-mass model measured through use of a force platform 
(Granata et al., 2002). A recent study proposed a field based protocol using mobile 
contact mats that allowed valid measurement of leg stiffness from data collected 
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on ground contact times, flight times and body mass in adults (Dalleau et al., 2004). 
This method has since been deemed reliable in using sub maximal hopping to 
measure leg stiffness in paediactric populations (Lloyd et al., 2009). It is however 
important to note that when investigating differences in paediactric leg stiffness, a 
normalisation procedure is used to account for growth and maturation by 
determining data relative to both body mass and leg length (McMahon and Cheng, 
1990).  
 
Leg stiffness is often investigated in relation to performance, as it is suggested to 
have a major effect on various athletic variables such as the rate of force 
development, sprint kinematics and elastic energy storage and utilization 
(Brughelli and Cronin, 2008). There is a strong relationship between the amount of 
stiffness, force output and velocity, therefore a greater amount of stiffness is seen 
to increase each variable (Wilson and Flanagan, 2008). Butler et al. (2003) listed 
various aspects of performance which are influenced by leg stiffness. The authors 
reported an increase in lower extremity stiffness with an increased hopping 
frequency and when landing from an increased height (Butler et al., 2003). 
Additionally, when considered in relation to running, an increase in lower 
extremity stiffness was present with; an increased running velocity, a decreased 
stride length and a decrease in energy requirement (Butler et al., 2003).  
 
Available literature relating to leg stiffness has generally focused on adults (Oliver 
and Smith, 2010) with studies available looking at the differences between males 
and females. Research by Grantana et al. (2002) has shown leg stiffness to be 
significantly greater in males than females in two footed hopping. On the other 
hand, Padua et al. (2005) looked at sex differences in a two foot hopping task, 
finding a significant difference in leg stiffness with females demonstrating lower 
levels. However, once normalized for body mass this difference disappeared. 
Nevertheless; they suggested that the muscle activation patterns differed in that 
females showed increased quadriceps activity compared with males. Although 
findings suggest females exhibit less muscular protection through leg stiffness, 
whether this accounts for the greater incidence of ACL injury requires further 
investigation over a range of ages (Hughes and Watkins, 2006).  
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Less is known about the development of neural control and leg stiffness in children 
as research in this area is particularly sparse. Lambertz et al. (2003) and Grosset et 
al. (2007) found stiffness increased with age but remained lower than adults when 
investigating the development and control of muscle stiffness throughout 
childhood (7-11years). They suggested factors which influence growth such as 
intrafusal fibre development and reflex control mechanisms for this increase. 
Similarly, Lebiedowska and Fisk (1999) found stiffness of the knee increased with 
age in girls and boys and it is suggested that stiffness increased as a function of 
growth and maturation rather than age per se (Blazevich et al., 2012). These studies 
however, used an external stimulus in their measurement procedures so therefore 
may not represent natural SSC actions, which occur through running and jumping 
activities (Lloyd et al., 2012, Oliver and Smith, 2010).  
 
Recent work by Oliver and Smith (2010) reported at a self selected preferred 
frequency, men hopped significantly faster with a greater amount of leg stiffness 
than boys (11-12years). When hopping at a slow frequency (1.5Hz) the men and 
boys displayed similar control strategies, however at a faster frequency of 3.0Hz 
the men displayed shorter contact times and a greater measure of leg stiffness. The 
authors conclude at faster frequencies men are able to increase feed-forward and 
reflex muscle activity to hop with a greater amount of relative stiffness than the 
boys. These findings are supported by Lloyd et al. (2012) who investigated age-
related differences in the neural regulation of SSC activities in male youths (9, 12 
and 15years) during hopping. They reported greater leg stiffness in the 15 year 
olds than in both the younger age groups. The results suggest that as children 
mature they become reliant on feed-forward mechanism and short latency stretch 
reflexes to control greater levels of leg stiffness when hopping.  
 
There is an urgent need for more studies investigating the role of feed-forward 
mechanisms in the dynamic control of knee stability for injury prevention in 
children, specifically girls. Understanding how this mechanism differs between age 
and maturational groups throughout childhood and puberty may help in the design 
of appropriate pre-habilitation strategies in female youth football.  
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2.15 Effect of fatigue on dynamic knee stability 
 
As muscles contribute to joint stability (Alentorn-Geli et al., 2009) muscular fatigue 
is often suggested as a risk factor for non-contact ACL injuries (Yu et al., 2002a). 
Muscular fatigue can be defined as a reduction in the maximal force exerted by a 
muscle or a muscle group due to central and/or peripheral mechanisms (Camarda 
and Denadai, 2011). After fatiguing exercise, alterations to biomechanical and 
neuromuscular factors associated with an increased injury risk such as; muscle 
activation patterns, co-activation, kinematics and kinetics and stiffness properties 
can occur (Padua et al., 2006). Furthermore, it has been well recognised that injury 
is most paramount in the final stages of sports performance which coincides with 
when muscle fatigue is present (Small et al., 2010).  
 
2.15.1 Muscular fatigue in childhood 
Current evidence suggests that children fatigue at a slower rate than adults during 
one or several high intensity exercise bouts (Ratel et al., 2006, De Ste Croix et al., 
2009). There are a number of proposed mechanisms for this ability in children to 
maintain force output with a thorough explanation in a review by Ratel et al. 
(2006), where the authors conclude these mechanisms are most likely related to 
the different muscle characteristics of children compared to adults. A recent study 
by De Ste Croix et al. (2009) exploring the age and sex associated differences in 
isokinetic knee muscle endurance between young children and adults reported 
children to maintain force output to a greater extent than adults and therefore 
resist fatigue. This study also reported that there were no sex differences in fatigue 
resistance between males and females or girls and boys. Further investigation is 
required as data is limited and does not use a range of ages throughout childhood 
and there is no available data on the effect of eccentric fatigue on torque 
production during childhood (De Ste Croix and Deighan, 2012).  
 
2.15.2 Effect of fatigue on FH/Q ratio 
Data on the effects of muscle fatigue on the FH/Q ratio in adults is sparse and no 
studies appear to calculate the FH/Q ratio using a more functional angle specific 
average after a fatiguing task (De Ste Croix and Deighan, 2012). Knowledge on the 
effects of fatigue on concentric and eccentric muscle actions is that eccentric 
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actions produce less fatigue, so are therefore more fatigue resistant than 
concentric muscle actions (Roig et al., 2009). With this in mind, in a fatigued state 
the FH/Q ratio should therefore increase reflecting a more stable knee. However, a 
number of studies on male (Small et al., 2010, Greig, 2008) and female (Delextrat 
et al., 2011) football players provide results that disagree with this concept.  
 
Small et al. (2010) explored the effects of multidirectional football-specific fatigue 
on markers of hamstring strength. They reported that eccentric hamstring 
strength and the FH/Q ratio significantly decreased at the end of each half of a 
football match. A decrease in eccentric muscle strength was also reported by Greig 
and Siegler (2009). In support of this, a recent study on amateur female football 
players reported the FH/Q ratio decreased in both legs following a simulated 
soccer match (Delextrat et al., 2011). This is the only known study assessing the 
effects of a simulated football test on the FH/Q ratio in female players but supports 
the findings on male players and suggests changes in muscular strength when 
fatigued are similar in both sexes. It appears there is currently no comparable data 
available on youth football players but if fatigue has a similar effect on dynamic 
knee stability there is an urgent need to improve the ability to resist fatigue 
through appropriate injury prevention programmes.  
 
On the other hand, research by Kawakami et al. (1993) on the elbow flexors in 13 
year old boys suggest eccentric and concentric torque production decrease at a 
similar rate when fatigued. This would imply that the FH/Q ratio may remain 
similar pre and post fatigue in children. This suggestion highlights the importance 
of future investigations on the knee joint after fatiguing exercise using female 
participants in order to gain an understanding of these mechanisms when fatigued 
in this at risk population. 
 
2.15.3 Effect of fatigue on EMD 
Similarly to the FH/Q ratio, data on the effect of muscle fatigue in adults on EMD is 
also sparse. Furthermore, there appear to be no studies investigating the effect of 
fatigue on EMD during childhood on either boys or girls. Howatson et al. (2010) 
examined the impact of damaging exercise in adult males on the EMD of the biceps 
brachii. They reported a significantly longer EMD 96 hour’s post exercise. 
 41 
Similarly, Zhou et al. (1996) also reported that EMD was significantly longer after 
four periods of all out sprint cycling (40.4 Versus 63.4ms). Investigations on the 
neuromuscular fatigue in adult males following a football game are available. 
Rahnama et al. (2006) used EMG to investigate the effect of fatigue on the lower 
limb, reporting that EMG activity was significantly less after the exercise protocol.  
 
When considering the generation of force and EMD of a muscle action, several 
components should be considered. These are; 1) conduction of action potentials 
along the T-tubule system; 2) release of calcium by the sarcoplasmic reticulum; 3) 
cross-bridge formation between actin and myosin filament and consequent tension 
development in the contractile component and 4) stretching of the series elastic 
component (Cavanagh and Komi, 1979). Fatigue may develop due to failure at one 
or more sites along this pathway for force production (Kent Braun, 1999, Allen et 
al., 2008). It is suggested that the main mechanisms for the lengthening of EMD 
with fatigue is from failure of muscle action potentials (Horita and Ishiko, 1987, 
Yavuz et al., 2010) or impaired excitation-contraction coupling (Kent Braun, 1999) 
and there is direct evidence to support these fatigue mechanisms in football (Mohr 
et al., 2005). Failure at any point of these two processes could result in the slowing 
down of the force of a contraction (Yavuz et al., 2010). Impairment of action 
potentials along the muscle membrane can be caused due to a potassium (K+) 
efflux into the t-tubules during repeated muscle actions (Yavuz et al., 2010) which 
causes substantial membrane depolarization, failure of excitation and therefore a 
reduction in the force response (Allen et al., 2008). Action potentials therefore do 
not reach the depth of the muscles so calcium ion (Ca++) release is reduced, 
slowing down the force of contraction (Yavuz et al., 2010). Moreover, impaired 
excitation-contraction coupling could occur at various points within the process; 
for example in the sarcoplasmic reticulum affecting the rate of Ca++ released 
(Allen et al., 2008). If there is a reduction of Ca++ released then the rate of force 
generation would be reduced and therefore prolong EMD when fatigued (Allen et 
al., 2008). 
 
Studies on adult males show a significant increase in EMD following fatiguing 
protocols which could increase the relative risk of sustaining a knee injury. Further 
research is required throughout childhood in order to understand the mechanisms 
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and help clarify the relative risk of non-contact ACL knee injuries in children when 
muscular fatigue is present.  
 
2.15.4 Effect of fatigue on Leg Stiffness 
There are a limited number of studies available that have investigated the effect of 
fatigue on leg stiffness in adults. Those studies that are available have used a 
variety of protocols to induce fatigue and the results are conflicting. Morin et al. 
(2011) reported an increase in leg stiffness following a 24 hour treadmill run 
whereas Dutto and Smith (2002) reported a decrease in leg stiffness following a 
treadmill run to exhaustion. In contrast, Girard et al. (2011) reported no significant 
change in leg stiffness following six 20m sprints, therefore making it difficult to 
determine the true effects of fatigue on leg stiffness. Hunter and Smith (2007) 
investigated various running characteristics such as oxygen uptake, optimum 
stride frequency and leg stiffness in experienced runners on a treadmill. They 
conclude that the effect of fatigue on leg stiffness is subject specific as some of their 
participants increased leg stiffness post fatigue, some decreased and some showed 
no significant change following one hour of maximal treadmill running.  
There are currently no available studies that have explored the effects of football 
specific fatigue on leg stiffness in children. Given the incidence data indicating that 
non-contact ACL injuries are most likely to occur towards the end of a game when 
fatigue is present and that young girls are an at risk population for such injury, it is 
surprising there has been no investigations exploring the role of leg stiffness; a 
feed-forward mechanism of neuromuscular knee stability when fatigue is present.  
 
2.15.5 Fatigue protocol 
The fatigue effects of any activity can be assessed by testing the desired variable 
pre and post exercise, specific to football, a number of protocols have been 
developed in order to induce muscular fatigue to reflect actions and intensities 
performed in a competitive game. Football match play is intermittent with both 
high and low intensity activities throughout the game (Stolen et al., 2005). The 
physiological demands of football require players to complete a range of activities, 
thus the need to develop various components of fitness (Small, 2008) is vital for 
successful performance. During a 90 minute football match, elite male players cover 
around 10-12km from activities of various intensities (Stolen et al., 2005). 
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Although few studies have examined the physiological profile of female players, 
information is available and report females to cover a smaller distance than male 
players, however the intensity remain similar at around 70% of maximal oxygen 
intake (Rosenbloom et al., 2006).  
 
Simulations have been developed to replicate both the physiological and 
mechanical demands of a competitive game and are often placed in one of two 
main categories, those that use a treadmill to recreate an activity profile or those 
that use a free-running protocol using repetitive intermittent shuttle runs (Small, 
2008). A limitation of the treadmill based protocols is the inability to incorporate 
utility movements such as changing direction due to the nature of treadmill running; 
therefore free-running protocols are often favored. The Loughborough Intermittent 
Shuttle Test (LIST) developed by Nicholas and colleagues (2000) was designed to 
simulate the activity pattern characteristics of football. Although the test was reported 
to closely simulate both the physiological and metabolic responses associated with 
match play by the authors, questions were raised due to its inclusion of a run-to-
exhaustion second part of the test (Small, 2008) which is not representative of match 
play, so therefore saw the development of the soccer-specific aerobic field test 
(SAFT90).   
 
The SAFT90 is based on contemporary time-motion analysis using data obtained 
from English Championship level match play via Prozone and has been validated 
by (Lovell et al., 2008) to replicate the fatigue response of football match-play 
(Small et al., 2010). The free running protocol includes various changes in 
direction and speed over a 20m course with inclusion of utility movements such as 
walking, jogging, side stepping and sprinting and currently provides a protocol 
with the greatest ecological validity for a football specific field test (Small et al., 
2010). A limitation of the protocol is that it only reflects the movement patterns 
and intensities of elite adult male football, however there is currently no youth or 
female football alternative. 
 
There is currently no available data on how female youth football players may 
respond on a muscular and neuromuscular level to football specific fatigue which 
they encounter weekly over a sustained period of a competitive season. Fatigue 
has been implicated as a risk factor for injury and as female youth players face an 
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increased relative risk of sustaining a non-contact ACL injury, there is an urgent 
need for research in this area. 
 
2.16 Conclusion 
 
Available literature has identified female athletes to be at a much greater relative 
risk of sustaining a non-contact ACL injury than their male counterparts. 
Furthermore, it is suggested that for the same amount of exposure, 13-18 year old 
girls are the most at risk group to sustain such injury. It is therefore surprising at 
the lack of empirical data on this age group.  
 
Common ACL injury mechanisms have been identified as well as potential risk 
factors for female athletes. Muscular and neuromuscular mechanisms have been 
shown to be important aspects in reducing the relative risk of injury; however it is 
suggested that ACL injury in female athletes is a multifactorial problem which 
remains poorly understood and therefore requires further investigation. Evidence 
suggesting that females are more quadriceps dominant than males, coupled with 
reports that traditional football training may predispose an individual to 
quadriceps dominance and therefore ACL injury risk, highlights the need to 
explore FH/Q ratios and neuromuscular functioning in female players. This, as well 
as evidence indicating fatigue as a risk factor for injury makes exploring these 
mechanisms when football specific fatigue is present vital.   
 
By developing complex study designs in order to examine a range of muscular and 
neuromuscular outcome variables in relation to fatigue, practitioners can begin to 
construct a more comprehensive and accurate understanding of the most relevant 
risk factors that negatively affect the stability of the knee joint. This will then 
hopefully allow potential risk factors to be identified and age and maturational 
based training strategies implemented to reduce the relative risk of injury. 
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This will be the first study to investigate the effect of football specific fatigue on the 
dynamic knee stability in elite female youth football players. In order to answer 
the research aims and objectives mentioned in the introduction of this thesis, this 
investigation will aim to answer the following research questions:  
 
1. To what extent does football specific fatigue influence the functional hamstring 
to quadriceps ratio, electromechanical delay and leg stiffness in elite youth female 
football players? 
 
2. To what extent do age and maturation related differences influence the 
functional hamstring to quadriceps ratio, electromechanical delay and leg stiffness 
in elite youth female football players? 
 
3. To what extent are muscle specific compensatory mechanisms in place following 
football specific fatigue in elite youth female football players? 
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CHAPTER III 
 METHODS 
 
3.1 Participants 
 
Thirty-six females aged 12-18 years from an FA Women’s Super League Team 
professional youth academy were recruited to participate in this study. Players 
were recruited from three age groups; those under 13 years of age (U13’s [n = 
14]), those under 15 years of age (U15’s [n = 9]) and those under 17 years of age 
(U17’s [n = 13]). Verbal consent was obtained from the club prior to approaching 
players, followed by parental consent and player assent (see appendix B and D). 
Participants were given an information sheet to explain the procedures involved as 
well as receiving verbal instructions (see appendix A).  
 
All participants completed a health questionnaire (see appendix F) in accordance 
with the University of Gloucestershire sport and exercise laboratory procedures. 
Inclusion to the study was approved if the participants satisfied the acceptance 
criterion as described in the health questionnaire flow chart. There were 2 
exclusion criteria in this study: (1) histories of orthopedic problems, such as 
episodes of hamstrings injuries, fractures, surgery or pain in the spine or 
hamstring muscles over the past six months; (2) self reported presence of delayed 
onset muscle soreness (DOMS) at a testing session. Participants were instructed to 
avoid their regular training regimens throughout the experimental period and not 
to take part in any vigorous physical activity 48 hours proceeding each testing day. 
None of the participants reported any form of musculoskeletal disorder at the time 
of testing.  
 
3.1.1 Ethical Considerations 
Ethical approval had been obtained from the University of Gloucestershire’s 
Research Ethics Committee (RESC, [see appendix E]). RESC approved laboratory 
procedures and university guidelines for working with children were followed at 
all times and all researchers involved in the study had obtained a Criminal Record 
Bureau (CRB) check before data collection began. 
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Participants were also made aware that they could withdraw at any point of the 
study without affecting their relationship with the university, research team or the 
club. All the data collected was stored on a computer using an ID code for each 
individual participant and only accessible by the research team or club if prior 
consent was given. Any hard copies of data were stored in a lockable draw and 
only available to the principal investigator.  
  
3.2 Study Design 
 
The researchers initially travelled to a club training session in order to collect leg 
stiffness data from a hopping task using a portable contact mat. Participants were 
then required to visit the laboratory at the university on two separate occasions; 
once for a habituation session and then once for the pre/post fatigue testing. 
(Figure 3.1).  
 
The purpose of the habituation session was to familiarise the participants with the 
testing protocol on the isokinetic dynamometer as well as introduce them to the 
SAFT90. Isokinetic habituation or familiarisation sessions have been indicated as 
important in order to reduce the effect of learning on the test data as well as 
introduce the participants to eccentric cycles to decrease the risk of injury (De Ste 
Croix et al., 2003). This session was also used to collect anthropometric data in 
order to predict maturational status defined as years from peak height velocity 
(Mirwald et al., 2002). Participants also repeated the hopping task in a pre-
fatigued state in order to determine the inter-session reliability of the method. 
 
When the participants visited the university for the actual testing session they 
performed baseline EMD tests and performed the isokinetic/EMG cycles in a pre-
fatigued state. They then performed a football-specific fatiguing task; repeating the 
leg stiffness task immediately upon finishing, and finally repeated the 
isokinetic/EMG tests after in a post-fatigued state.  
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Figure 3.1: Research design schematic 
 
 
3.3 Procedures 
 
3.3.1 Anthropometry 
Age was computed from date of birth and date of testing. Stature and body mass 
were measured on the first visit to the laboratory according to the procedures of 
Weiner and Lourie (1981) - using a Stadiometer (Holtain Harpenden, Crymych, 
UK) and calibrated balance beam scales (Weylux Birmingham, UK). Sitting height 
was measured with a sitting height table (Holtain Harpenden, Crymych, UK) with 
the posterior surface of the knee tight against the measuring box. Age from PHV 
was predicted using Equation 3.1 of Mirwald et al. (2002) which indicated that 
maturity offset can be estimated within an error of ± 1 year 95% of the time. 
 
Equation 3.1 Mirwald et al. (2002) equation. 
For females: Maturity offset = − 9.376 + (0.0001882 x (leg length x sitting height)) 
+ (− 0.0022 x (age x leg length)) + (0.005841 x (age x sitting height)) + (0.002658 
age x weight) + (0.07693 x (mass by stature ratio)). 
 
3.3.2 Leg stiffness 
Sub-maximal two-legged hopping was performed at a frequency of 2.5 Hz. 
Participants were asked to hop two-legged on top of the contact mat for a period of 
20 consecutive hops at the given frequency. Participants were instructed to: keep 
Session 3 Session 2 Session 1 
Pre / post 
fatigue 
testing 
Habituation 
session 
Contact Mat 
data 
collection 
Lab 
Pre-fatigue leg 
stiffness 
reliability data 
collection 
H/QFUNC and EMG Pre  measures 
SAFT90 Fatigue task 
Post Fatigue H/QFUNC, EMG and 
Leg stiffness measures. 
Anthropometric data collection 
Familiarisation with all protocols. 
Pre-fatigue leg stiffness repeat for 
reliability study. 
Lab Training 
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hands on the hips at all times to avoid upper body interference (Lees et al., 2004); 
jump and land on the same spot; land with legs fully extended and to look forward 
at a fixed position to aid balance maintenance (Lloyd et al., 2009). Adherence to 
these instructions was carefully monitored by the tester every time the 
participants completed the test. 
 
 Hopping frequency was maintained by an audio signal from a quartz metronome 
(SQ-44, Seiko, UK). Monitoring of hopping frequency using the digital metronome, 
as opposed to allowing participants to self select their preferred frequency, 
enabled greater control of movement coordination in the lower extremities whilst 
hopping. The choice of 2.5 Hz is within the boundaries previously highlighted as 
allowing the broadest possible range of hopping frequencies (1.5 Hz – 3.0 Hz) by 
Hobara et al. (2009). Frequencies below 1.5 Hz have led to an inability of 
maintaining true spring-mass model behaviour in the lower extremities (Farley et 
al., 1991), whilst frequencies above 3.0 Hz have prevented the successful 
maintenance of desired hopping pace (Hobara et al., 2008). Because those studies 
used adult populations, the choice of 2.5Hz was deemed more attainable and 
sustainable for younger participants. All jumps were performed on a mobile 
contact mat (Smartjump, Fusion Sport, Australia), and data instantaneously 
collected via a hand-held PDA (iPAQ, Hewlett Packard, USA). Leg stiffness was 
calculated from the sub-maximal hopping test using Equation 3.2: 
 
Equation 3.2 Leg stiffness equation 
 
 (in N x m-1) 
 
  
Where Kn is the leg stiffness, as calculated using a contact mat, M is total body 
mass, Tc the ground contact time and Tf the flight time (Dalleau et al., 2004). This 
method and frequency has been previously shown to be reliable and valid in 
paediatric populations when compared to the criterion force plate methods (Lloyd 
et al., 2009). The leg stiffness data was then normalised relative to body mass and 
limb length (stiffness x [leg length / body mass]) to give relative leg stiffness due to 
the close association between body mass and leg stiffness and the mechanical 
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influence of limb length on the movement according to the work of McMahon and 
Cheng (1990).  
 
3.3.3 Leg Stiffness Reliability 
The leg stiffness testing procedure was completed on two separate occasions, in 
order to test the inter-session reliability of the method. Participants completed 
four repetitions of the sub-maximal hopping task on each visit with a one minute 
rest in between repetitions in order to test the trial-to-trial intra-session reliability 
of the method.  
 
For all leg stiffness tests completed in this study, ten consecutive acceptable hops 
were used for analysis and normalised relative to body mass and limb length for 
each participant. The selection criteria of these hops were based on ten 
consecutive hops where the participant was closest to the selected frequency of 
2.5Hz (Dalleau et al., 2004, Lloyd et al., 2009). This was done for each of the four 
repetitions taking the average of the best two repetition data sets and using this 
value for statistical analysis.  
 
3.3.4 FH/Q ratio 
Torque assessments were made on the dominant leg, determined by kicking 
preference. A recent study by Delextrat et al. (2011) on the effect of a simulated 
soccer match on the FH/Q ratio in amateur female players found no significant 
difference between the dominant and non-dominant legs (determined by kicking 
preference), therefore the dominant limb was chosen in the current study. The 
tested range of motion was from 90° to 0° of knee flexion (0° = full extension), 
determined for each participant individually by placing mechanical stops at the 
beginning and end of their full active range of motion (Figure 3.2). The range stop 
control was set as soft (setting 2) so as to reduce the possibility of sudden 
resistance at the end of each range of motion.  
 
Each session began with a standardised warm-up consisting of two minutes 
cycling on a Monark cycle ergometer 814E (Monark, Varberg Sweden) at a 
moderate intensity and two minutes of stretching of the hamstrings and 
quadriceps muscles (De Ste Croix et al., 2007). Participants were positioned in 
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prone with the axis of rotation of the dominant knee (lateral epicondyle) aligned 
carefully with the axis of rotation of the dynamometer. The lever arm length was 
then adjusted for each participant so that it rested on the tibia approximately 3cm 
above the medial malleolus (De Ste Croix et al., 2007). Gravity corrections for limb 
mass were performed before each isokinetic assessment in accordance with the 
manufacturer’s instructions (Biodex Pro Manual, Applications/ Operations, Biodex 
Medical Systems, Inc., Shirley, NY).  Therefore, at the start of each test session the 
participant was asked to relax their leg so that passive determination of the effects 
of gravity on the limb and lever arm could be accounted for; the tested leg was held 
by the examiner at the full extension position.  
 
 
 
 
 
 
 
 
 
 
 
Figure 3.2 Diagram illustrating knee joint angles as referenced in this study. 
 
All assessments were performed in a prone position for both concentric and 
eccentric testing (Plate 3.1). Testing took place at three angular velocities (60˚/s, 
120˚/s and 180˚/s) for both concentric and eccentric actions. Previous literature 
has used 60˚/s and 180˚/s in paediatric populations (Kellis et al., 2001, Gerodimos 
et al., 2003) and a third angular velocity in between these values was selected in 
order to receive data at a range of velocities in this population.  
 
The concentric cycle was undertaken first, as it is suggested that eccentric muscle 
actions may potentiate the following concentric action if performed first (De Ste 
Croix et al., 2003). Testing started with the knee at 90° with extension always 
being the first action and began with the slowest angular velocity (60˚/s) and 
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continued with increasing angular velocity (120˚/s followed by 180˚/s) to reduce 
the risk of injury (Gaul, 1996). Concentric quadriceps muscle strength was 
measured during dual concentric-concentric actions and the passive eccentric 
mode was used to determine eccentric torque during eccentric/eccentric cycles. In 
the concentric quadriceps measurement participants were instructed to push the 
lever arm up, and pull it down as hard and fast as possible. This was repeated three 
times at each angular velocity (3 repetitions x 3 sets) with a 30 second rest period 
between movements at different angular velocity. However, in the eccentric 
hamstring measurement participants were instructed to resist the lever arm as 
hard and as fast as possible. Three single maximal efforts were performed at each 
angular velocity with a ten second rest in between each repetition of the same 
velocity and a 30 second rest between movements of a different velocity (1 
repetition x 9 sets). This was done to allow the EMD to be calculated on all nine 
repetitions.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Plate 3.1 Prone position during isokinetic testing 
 
 
In the concentric-concentric cycle, participants were counted down to begin the 
movement by one of the principal investigators. The words “Three, two, one, GO” 
were said with the participant beginning to push on the word go. In the eccentric-
eccentric cycle, there was no count down as EMD was being calculated and 
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therefore relied on the participant’s reaction to a stimulus. Participants were asked 
if they were ready and to relax and then wait for the external triggers discussed in 
the next section (3.3.5 Electromyography) before beginning to resist the lever arm.  
 
Participants were instructed to push, pull or resist the lever arm as hard and as 
fast as possible throughout the entire range of motion. Standardised verbal 
encouragement was given before each maximal effort and visual feedback of the 
recorded torque provided as it is suggested children perform better when 
feedback is given to motivate them (De Ste Croix et al., 2003).  
 
PT values were recorded during concentric quadriceps and eccentric hamstrings 
action and later used to calculate the functional hamstring to quadriceps ratio by 
expressing average eccentric hamstrings torque to average concentric quadriceps 
(as a ratio) at three angular velocities (60˚/s, 120˚/s and 180˚/s) and at three knee 
angles (10°, 20° and 30°) for functional relevance.  
 
3.3.5 Electromyography  
The electromyography was quantified with an 8-channel DelSys EMG telemetry 
system (DelSys Myomonitor III, DelSys Inc., Boston, MA, USA) to investigate the 
activity of the biceps femoris, semitendinosus and gastrocnemious during the 
eccentric movement to determine EMD. For maximum signal detection each 3 x 
2cm bipolar surface electrode (DE- 2.3 MA; DelSys Inc., Boston, MA, USA) were 
positioned in the mid-line of the belly of the muscle; with an inter-electrode 
distance of 2cm, perpendicular to the muscle fibres because in this location the 
electromyographic signal with the greatest amplitude is detected (Gleeson, 2001). 
When in a prone position participants were asked to resist a force applied by the 
researcher and flex the knee in order to palpate the hamstring muscles and 
accurately attach the electrode. Following this participants were asked to point 
their toes in order to palpate the medial gastrocnemious muscle and attach the 
electrode.  
 
The biodex square wave synchronisation pulse is configurable via the biodex ASA 
software allowing the triggering of the EMG software. The EMG system signal was 
interfaced to the Biodex via a trigger box. The EMG works software offers full 
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triggering capabilities to control the start and stop of all data acquisition systems 
in a given experimental setup. The biodex ASA software is used to activate the 
biodex square wave signal output to trigger the start signal. The Trigger Module 
only accepts signals that are between 0 to 5 volts, and could be configured for 
either positive-edge signals or negative-edge signals. Positive-edge or “rising” was 
defined to start from 0V and rise to 5V. The transition points of these voltages 
were defined as the event. Once the 5V level is reached, the duration of the trigger 
pulse is kept in the high state for a minimum amount of time before returning back 
to the low state. The trigger box detects a change in the biodex output square wave 
signal, so that when the appropriate voltage change had taken place, the trigger 
box triggered the EMG PC (laptop) software to start recording the EMG data. When 
the hold button (Biodex) is pressed by the researcher the biodex signal (trigger) is 
switched on. Therefore, the EMG and biodex are completely time aligned. 
 
Three electrodes were placed on the dominant limb determined again by kicking 
preference (Plate 3.2) on the medial and lateral hamstring muscles represented by 
the semitendinosus (ST) and biceps femoris (BF), as well as the gastrocnemious 
(G) with the reference electrode placed on the lateral malleolus as recommended 
by the Surface EMG for Non-Invasive Assessment of Muscles (SENIAM) project 
standards (Hermens et al., 2000). The standard for the skin preparation is an 
electrical resistance between the three electrodes of less than 5kΩ for a very good 
skin impedance condition (Konrad, 2005). The skin was cleaned with an alcohol 
wipe to improve application of the electrodes and reduce the acceptable 
impedance to below 5kΩ (Konrad, 2005). Participants were also asked not to use 
any type of moisturiser on their legs during testing to allow adhesion of electrodes. 
 
Following the application of surface electrodes a baseline measure of EMG activity 
was recorded with the participant in a prone position with the leg fully extended 
and supported by the massage table. Participants were instructed to relax and lay 
as still as possible whilst three measurements each lasting 10 seconds were taken. 
If muscle activity was evident through visual inspection of the participant and/or 
the recording this procedure was repeated or the electrodes were repositioned 
until the investigators were confident that a true baseline value was recorded 
(Konrad, 2005). The target baseline value used was 1-2 µV with the average 
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baseline noise not exceeding 5 µV (Konrad, 2005). A permanent pen was then used 
to mark the position of electrodes for repeat testing (Plate 3.3). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Plate 3.2 An illustration of the positioning of the electrodes 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Plate 3.3 Marking of electrodes. 
 
Participants were instructed to perform eccentric PT assessments of the hamstring 
muscles in the prone position on the dominant leg (using the same isokinetic 
procedures highlighted previously). Participants were provided with two external 
triggers for the start of the movement of the lever arm: 1) the physical movement 
of the lever arm; 2) a light appeared on the trigger box when the movement was 
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initiated and at a constant velocity (Figure 3.3). Participants were encouraged to 
relax the leg as much as possible before the movement to reduce the influence of 
pre-activation on the measurement. If the investigators could observe that pre-
activation was taking place; identified by tensing of the lower limb muscles, they 
would remind the participant to relax before starting the lever arm. The 
participants were reminded to exert maximal voluntary actions as quickly as 
possible when seeing the light and feeling the lever arm move.   
 
 
 
 
 
 
 
 
Figure 3.3 Trigger port indicating the trigger light 
 
Raw EMG data was collected at a sampling frequency of 1024 Hz and sent directly 
to the DelSys Acquisition software package set up on a Toshiba Laptop (L20, 
Toshiba Corp. Tokyo, Japan). The EMG unit includes a common mode rejection 
ratio of <80 dB and an amplifier gain of 1000. Raw EMG data was band pass 
filtered at 20 – 450 Hz using the DelSys Acquisition software.  
 
The EMD was determined by the time interval between the onset of EMG and force 
development according to the procedure developed by Zhou et al. (1995). Based 
on this procedure the onset of EMD was determined as a change from the EMG 
mean baseline level to +15 µV deviation and the offset of EMD was determined as 
the time taken (ms) to generate 9.6-Nm torque (Figure 3.4). The maximal EMD 
value was determined as the shortest EMD from the three measurements for each 
angular velocity. 
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Figure 3.4 An illustration of the process used to determine the EMD (Zhou et al., 
1995) 
 
3.3.6 SAFT90 Protocol 
The SAFT90 is based on contemporary time-motion analysis using data obtained 
from English Championship level match play via Prozone and has been validated 
by Lovell et al. (2008) to replicate the fatigue response of football match-play 
(Small et al., 2010). The design of the course is based around a shuttle run over a 
20m distance, with the incorporation of four positioned poles for the participants 
to navigate using movements such as walking, jogging, side stepping and sprinting 
(Figure 3.5).  
 
 
 
 
 
 
 
 
 
Figure 3.5 A diagrammatic representation of the SAFT90 course 
 
 
The course was performed with the participant performing either backwards 
running or sidestepping around the first field pole, followed by forward running 
through the course, navigating the middle three field poles. No contact actions such 
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as kicking or tackling were performed. The movement intensity and activity 
performed by the participants whilst completing the SAFT90 course were 
maintained using verbal signals on an audio CD. The audio CD contains a 15 min 
activity protocol which was repeated randomly and intermittently in order to last 
for the duration of a game the participant usually competes in, including a passive 
rest interval equivalent to those experienced on a match day (Table 3.1). The coach 
and a member of the research team provided strong verbal encouragement 
throughout the protocol to help maintain participant effort. Participants completed 
the course in groups of three or four staggered at 30 minute intervals (Plate 3.4). 
 
Table 3.1 Academy game duration. 
 
Before any testing was completed, players performed a standard 10 minute warm 
up which was usually performed at their club before matches. This included a 
period of sub-maximal running and familiar dynamic mobiliastion exercises. All 
procedures can be viewed on the CD attached to this thesis. 
 
 
 
 
 
 
 
 
 
 
 
Plate 3.4 U13 participants performing the SAFT90 
 
 
Age Group Format Passive rest duration Total playing time 
Under 13’s 3 x 25 minutes 2 minutes 75 minutes 
Unger 15’s 2 x 40 minutes 10 minutes 80 minutes 
Under 17’s 2 x 45 minutes 15 minutes 90 minutes 
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3.4 Statistical Analysis  
 
Intra-session reliability of relative leg stiffness data was analysed using Microsoft 
Office Excel 2007. Means and standard deviations were calculated for each trial of 
the jump protocol. Average intraclass correlation coefficients (ICC) were 
determined to assess the trial-to-trial reliability of the hopping test data. Mean 
coefficients of variation (CV) were calculated using the anti-logged root mean 
square error, obtained from the two-way ANOVAs on log-transformed data 
(Hopkins, 2000b), with log-transformation reducing the effects of any non-
uniformity of error (Hopkins, 2000a). Ninety-five percent confidence intervals 
(95% CI) were reported for the coefficient of variation. This method of analysis 
was used and favoured over limits of agreement as it was an exact replication of 
the method and analysis used in a recent study assessing the reliability and 
validity of this field based measure for leg stiffness (Lloyd et al., 2009). 
Furthermore, CV provides an associated error in a form that is useful when looking 
at changes over time through repeated measures, which the current study does. A 
two-tailed paired t-test using the Statistical package for Social Sciences (SPSS, v. 
19.0 for Windows; SPSS Inc, Chicago) was performed to determine the existence of 
a statistically significant difference between the relative leg stiffness data recorded 
on the two testing days in order to explore the inter-session reliability of the 
method. Mean differences and standard deviations were reported for the sub-
maximal hopping task on both occasions. 
 
SPSS was used to perform all other statistical analyses. Firstly the distribution of 
raw data sets was checked for homogeneity and skewness and the assumption of 
normality was verified using the Kolmogorov-Smirnov test. Descriptive statistics 
including means and standard deviations were calculated for each measure. A 3 x 2 
x 3 x 3 (group; time; angle and velocity) Mixed Model analysis of variance (ANOVA) 
for the H/QFUNC, and a 3 x 2 (group and time) Mixed Model ANOVA for leg stiffness 
was used to explore interaction and main effects. A 3 x 3 x 3 x 2 (muscle; group; 
velocity and time) Mixed Model ANOVA was used to explore interaction and main 
effects for EMD. Significant interaction or main effects were further examined 
using Bonferroni-corrected post hoc tests. Main effects were calculated 
 60 
irrespective of time, angle and velocity. The level of significance for all statistical 
testing was set at P < 0.05. Percent change scores were also reported.  
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CHAPTER IV 
 RESULTS 
4.1 Participant Characteristics 
 
A total of 36 participants completed the study with 14 players in the U13’s, 9 in the 
U15’s and 13 in the U17’s. Age was determined from date of birth and the test date. 
Based on kicking preference, four participants determined their left leg as their 
dominant leg, with the remaining 32 participants identifying their right leg. Playing 
position was self reported identifying 3 goal keepers, 11 defenders, 18 midfielders 
and 4 strikers. Only one participant in the U13 age group self reported that they 
had started menstruating and was in the follicular phase during testing. Five 
participants in the U15 and 11 participants in the U17 age group self reported that 
they were menstruating (two U17 participants were taking the contraceptive pill) 
and were in the following phases during testing; Luteal phase (n=10), follicular 
phase (n=7).  Participant characteristics can be seen in Table 4.1. There were 
significant group differences in stature, body mass, leg length and offset from PHV. 
Total distance covered during the SAFT90 was 6320 ± 69m (U13), 10525 ± 592m 
(U15) and 10590 ± 662m (U17) for each age group respectively.  
 
Table 4.1 Participant characteristics by age group 
 Under 13 Under 15 Under 17 
Age (y) 12.1 ± 0.5 13.9 ± 0.6 15.8 ± 0.5 
Stature (m) 1.46 ± 0.06* 1.59 ± 0.08 1.66 ± 0.06 
Body mass (kg) 40.8 ± 6.7* 51.9 ± 8.8 61.9 ± 8.2 
Leg length (cm) 68.6 ± 3.4* 73.4 ± 3.8 79.8 ± 3.8 
Offset from PHV (y) -0.28 ± 0.55* 1.11 ± 0.55 2.93 ± 0.58 
* Significant difference between groups  
 
4.2 FH/Q ratio 
 
Mean (SD) data for FH/Q ratio by angle, angular velocity and age group, pre and 
post the football specific fatigue task can be seen in Table 4.2. A significant 
interaction effect for time x angle (F2,34 = 3.914, p = 0.030) was found for the FH/Q
 Table 4.2 FH/Q ratio pre and post fatigue by age group, movement velocity and joint angle 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
† Significant time x angle interaction effect 
Velocity/Angle FH/Q ratio Pre Fatigue  FH/Q ratio Post Fatigue  
0-10° 
 
60°/s 
 
120°/s 
 
180°/s 
 
      U13                 U15                  U17             
 
1.40 ± 1.13      1.79 ± 1.01       1.42 ± 0.70       
 
2.01 ± 1.09      1.43 ± 0.92       1.49 ± 0.79       
 
1.62 ± 1.15      0.75 ± 0.75       1.08 ± 0.57      
      U13                 U15                  U17              
 
1.59 ± 1.61      0.95 ± 1.18      1.31 ± 0.68†        
 
1.71 ± 1.38      1.27 ± 1.32      1.04 ± 1.02       
 
1.45 ± 0.92       0.89 ± 0.49     1.10 ± 1.10       
10-20°       
 
60°/s 
 
120°/s 
 
180°/s 
 
 
1.50 ± 0.63      1.75 ± 0.86        1.30 ± 0.57       
 
1.63 ± 0.59      1.93 ± 0.88        1.90 ± 0.75       
 
1.76 ± 0.65      2.09 ± 1.23        1.70 ± 0.57       
 
 
 
1.69 ± 1.45      1.34 ± 1.24       2.17 ± 1.08†         
 
1.71 ± 1.35      1.43 ± 0.62       1.58 ± 1.04       
 
1.76 ± 0.88      1.60 ± 0.42       1.99 ± 1.39       
20-30°    
 
60°/s 
 
120°/s 
 
180°/s   
 
 
 
1.27 ± 0.40     1.35 ± 0.54        1.18 ± 0.26      
 
1.38 ± 0.45     1.46 ± 0.48        1.46 ± 0.34        
 
1.54 ± 0.40     1.52 ± 0.69        1.49 ± 0.30     
 
 
1.78 ± 1.40       1.03 ± 0.50      2.30 ± 1.04†        
 
1.36 ± 1.05       1.23 ± 0.37      1.88 ± 0.93       
 
1.50 ±  0.93      1.33 ± 0.30      2.07 ± 1.13       
6
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ratio. Post hoc analysis revealed that this difference was between 0-10° and 10-20° 
pre (p = 0.004) and post (p = 0.003) fatigue (Figure 4.1). This interaction 
demonstrates that the ratio decreased from pre to post fatigue at 0-10° (1.56 ± 
0.94 versus 1.34 ± 1.07 [14.1% decrease]), remained similar at 10-20° (1.81 ± 0.74 
versus 1.83 ± 1.12 [1.1% increase]) and increased at 20-30° (1.48 ± 0.42 versus 
1.68 ± 1.02 [13.5% increase]). The difference in the absolute change in the FH/Q 
ratio from pre to post fatigue between 0-10° and 20-30° was 0.44. No other 
significant interaction effects were observed. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.1 FH/Q ratio pre and post fatigue by joint angle  
 
A significant main effect for angle (F2,34 = 12.178, p = 0.002) was found with the 
ratio significantly higher between 10-20° than 0-10° (p = 0.002) and 20-30°                 
(p = 0.003) (Figure 4.1). This main effect demonstrates that the ratio is higher at 
10-20° than 0-10° (1.82 ± 0.81 versus 1.45± 1.31 [25.5% increase]) and higher at 
10-20° than 20-30° (1.82 ± 0.81 versus 1.58 ± 0.60 [13.2% increase]). Importantly, 
there were no main effects for time (pre fatigue 1.58 ± 0.67 versus post fatigue 
1.68 ± 0.9 [6.3% increase]). 
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Although the time x group interaction effect did not reach statistical significance 
(F2,34 = 2.299, p = 0.07) there were age related differences in the response to the 
football specific fatigue task. The FH/Q ratio remained similar in the U13s (1.71 ± 
0.71 versus 1.81 ± 1.15 [5.8% increase]), decreased in the U15s (1.58 ± 0.78 versus 
1.33 ± 0.70 [15.8% decrease) and increased in the U17s (1.53 ± 0.53 versus 1.79 ± 
1.00 [17% increase]) (Figure 4.2).  
  
 
Figure 4.3 FH/Q ratio time by group interaction  
 
 
 
 
 
 
 
 
Figure 4.2 FH/Q ratio by time and group 
 
4.3 Leg Stiffness 
 
4.3.1Leg stiffness reliability 
A high average intraclass correlation coefficient (r = 0.9; 0.80-0.95) was reported 
for all measures as well as a moderate coefficient of variance (9.5%; 7.8-12.2) 
when assessing the trial to trial reliability of the jump protocol. No statistical 
significant difference existed between the relative leg stiffness data recorded on 
the two testing days (p = 0.152). 
 
4.3.2 Relative leg stiffness 
Mean (SD) data for relative leg stiffness by age group, pre and post fatigue can be 
found in Table 4.3. Mixed Model ANOVA revealed a significant time x group 
interaction effect (F2,34 = 4.295, p = 0.022) for relative leg stiffness but no 
significant main effects of group or time. Post hoc analysis revealed that this 
difference was between the U13 and U17 (p = 0.008) and U15 and U17 (p = 0.005) 
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age groups pre fatigue (Figure 4.3). The U13 age group showed a slight decrease in 
leg stiffness (4.9% decrease) compared to an increase in leg stiffness in the U17 
age group post fatigue (12.3% increase). There was an individualised response to 
fatigue in the U15 age group with 4 participants increasing and five participants 
decreasing in leg stiffness (1.5% increase). Most participants’ stiffness decreased 
in the U13 age group (n=10) but a few did increase their stiffness (n=4). All girls in 
the U17 age group increased stiffness post fatigue. 
 
Table 4.3 Relative leg stiffness (dimensionless) by group and time 
Group Pre Fatigue Post Fatigue 
U13 44.6 ± 5.5* 42.4 ± 7.7 
U15 46.4 ± 8.8* 47.1 ± 6.2 
U17 36.5 ± 6.6* 41.0 ± 6.1 
* Significant group by time interaction effect 
 
 
 
Figure 4.3 Relative leg stiffness pre and post fatigue by group 
 
4.4 EMD 
 
Mean (SD) data for EMD by age group, pre and post fatigue can be found in Table 
4.4. Data is presented for each muscle group and split by movement velocity. Mixed 
Model ANOVA revealed a significant time x group interaction effect (F2,34 = 3.404, p 
30 
35 
40 
45 
50 
Pre Post 
R
e
la
ti
ve
 S
ti
ff
n
e
ss
  
U13 
U15 
U17 
 66 
= 0.046). No other interaction effects were observed. Post hoc analysis revealed 
that EMD was significantly longer in the U13 age group compared with the U15 (p 
= 0.011) and U17 (p = 0.021) groups and this difference was greater post fatigue 
(percentage increase in EMD from pre to post fatigue was 65.5% [U13], 43% [U15] 
and 60.9% [U17] respectively). These data can be seen in Figures 4.4, 4.5 and 4.6.  
 
A significant main effect for time (F1,35 =10.031, p = 0.000) and group (F 2,34 =6.356, 
p = 0.005) were also observed. Post hoc analysis revealed irrespective of group, 
muscle or movement velocity EMD was significantly longer post fatigue compared 
with pre fatigue (p = 0.000 [58.4% increase]) which can be seen in Table 4.4. 
Likewise, irrespective of time, muscle or movement velocity EMD was significantly 
longer in the U13 age group compared with the U15 (p = 0.011, 158 ± 66ms versus 
113 ± 39ms [15.8% longer]) and U17 (p = 0.021, 158 ± 6ms versus 120 ± 40ms 
[24.1% longer]) age groups. There were no significant differences in EMD between 
the U15 and U17 age groups (113 ± 39ms versus 120 ± 40ms [6.2% longer) (see 
Table 4.4 and Figure 4.4, 4.5 and 4.6). No significant (p > 0.05) main effects for 
muscle (132±51ms [BF], 133±52ms [ST], 127±63ms [G]) or movement velocity 
(139±69ms [60°/s], 122±46ms [120°/s], 131±51ms [180°/s]) were found. 
 Table 4.4 EMD pre and post fatigue by age group, muscle and movement velocity 
 
Muscle/velocity  EMD Pre fatigue (ms)  EMD Post fatigue (ms)  % Change 
Biceps femoris U13 U15 U17 Combined U13 U15 U17 Combined  
60 136 ± 62* 99 ± 36 96 ± 35 113 ± 51 220 ±111* 143 ± 44 157 ± 52 179 ± 85 58% 
120 103 ± 32* 86 ± 28 95 ± 36 96 ± 32 178 ± 57* 127 ± 42 146 ± 40 154 ± 51 60% 
180 117 ± 38* 93 ± 27 85 ± 33 100 ± 136 197 ± 60* 145 ± 46 148 ± 32 167 ± 53 67% 
Semitendinosus          
60 144 ± 54 97 ± 34 97 ± 40 116 ± 49 223 ± 106 141 ± 46 153 ± 48 153 ± 48 53% 
120 106 ± 31 96 ± 37 95 ± 35 100 ± 33 179 ± 45 125 ± 42 141 ± 36 152 ± 46 52% 
180 124 ± 46 101 ± 41 84 ± 28 104 ± 42 200 ± 62 150 ± 56 141 ± 39 167 ± 59 61% 
Gastrocnemious          
60 124 ± 61 79 ± 17 102 ± 61 105 ± 55 212 ± 122 11 7 ± 42 165 ± 45 171 ± 91 63% 
120 97 ± 48 93 ± 24 92 ± 35 94 ± 38 185 ± 102 111 ± 42 137 ± 46 150 ± 78 60% 
180 123 ± 68 92 ± 43 81 ± 31 101 ± 53 177 ± 80 145 ± 53 144 ± 42 157 ± 63 55% 
All combined 119 ± 49‡ 93 ± 32 92 ± 37 101 ± 43† 197 ± 83‡ 133 ± 46 148 ± 42 160 ± 67† 58% 
* Significant group x time interaction effect 
† Significant main effect for time 
‡ Significant main effect for group 
 
 
6
7
 
 60 
80 
100 
120 
140 
160 
180 
200 
220 
240 
Pre Post 
EM
D
 (
m
s)
 
U13 
U15 
U17 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.4 EMD by group pre and post fatigue for the biceps femoris (BF) 
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Figure 4.5 EMD by group pre and post fatigue for the semitendinosus (ST) 
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Figure 4.6 EMD by group pre and post fatigue for the gastrocnemious (G)
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4.5 Summary of Results 
 
 A time by angle interaction effect demonstrated a significant decrease in 
the FH/Q ratio post fatigue, irrespective of age between 0-10° of knee 
flexion, compared with an increase at more flexed angles. 
 
 Age related differences between groups FH/Q ratio response to the fatigue 
task were present although they did not reach statistical significance. The 
ratio remained similar in the U13’s, decreased in the U15’s and increased in 
the U17 age group. 
 
 There was no significant difference between the relative leg stiffness data 
recorded on two separate testing days and a high average intraclass 
correlation coefficient was reported for the trial to trial reliability of the leg 
stiffness jump protocol. 
 
 A significant time by group interaction effect for relative leg stiffness 
indicated a slight decrease in the U13 age group, no change in the U15’s and 
a significant increase in the U17 age group post fatigue. 
 
 EMD was significantly longer post fatigue in all age groups but the change 
from pre to post fatigue was greatest in the U13 age group. 
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CHAPTER V 
 DISCUSSION 
 
5.1 Over-view of main findings  
 
As this is the first known study to investigate the effect of football specific fatigue 
following simulated game play, on the dynamic knee stability in elite female youth 
football players. The findings provide practitioners with valuable information and 
form a starting point for future research. In addition to this, the study has raised 
important methodological issues in the determination of the FH/Q ratio which 
should be taken in to account in future projects.  
 
The findings of this study have reinforced the importance of using angle specific 
averages to calculate the FH/Q ratio as the negative effects of fatigue on elite 
female youth football players was evident closer towards full knee extension but 
disappear as the knee flexes. These findings have important implications when 
investigating dynamic knee stability in this population as the ability of the 
muscular system to adequately stabilise the knee was impaired when fatigue was 
present but only near full knee extension. Furthermore, the findings have specific 
implications for female athletes who tend to land with the knee in more extended 
positions (Lephart et al., 2002). Future studies should therefore take this into 
consideration when calculating the FH/Q ratio and opt to use angle-specific 
average torque data to truly represent knee joint function. 
 
The findings of the current study suggest that there are no detrimental effects on 
the muscular stability of the knee (FH/Q ratio) following a football specific 
fatiguing task irrespective of age group. This therefore suggests that other 
mechanisms other than muscular stability are predominantly responsible for the 
increased relative risk of knee injury in female youth football players when fatigue 
is present. This assumption was supported by the neuromuscular data collected in 
the current study.  
 
Age effects in feed-forward pre-activation mechanisms were highlighted in the leg 
stiffness data when fatigue was present. Pre-pubertal players (U13) feed-forward 
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mechanisms slightly decrease, pubertal aged players (15) remained similar and 
post-pubertal age players (U17) showed an increase post fatigue. This relative leg 
stiffness data may demonstrate an age effect in the development of feed-forward 
mechanisms with age and maturation or it could demonstrate the effectiveness of 
football specific training in the development of feed-forward mechanisms and pre-
activation found in the older age group post fatigue. It is also a possibility that this 
increased feed-forward mechanism is a compensatory mechanism for the reduced 
ability to utilise neuromuscular feedback mechanisms when fatigued. However 
further research is required using non trained control groups in order to establish 
if this is merely a change through normal growth and maturation.  
 
A significant increase in the EMD post fatigue highlighted that in female youth 
football players, neuromuscular feedback is impaired following a football specific 
simulated fatigue protocol irrespective of age. This effect is greater in younger and 
less mature girls and reduces with age, maturation and training. The age related 
changes in the findings with regards to the responses of both the muscular and 
neuromuscular feed-forward and feedback mechanisms to cope with fatigue may 
be related to a growth/maturational effect and/or training effect and require 
further investigation using non-trained controls.  
 
This research is the first of its kind to demonstrate that football specific fatigue has 
a detrimental effect on the neuromuscular functioning of the muscles that support 
the knee in elite female youth football players. However, whether this response is 
accountable for the increased relative risk of injury in this population is unknown 
as the study only included females in the sample and therefore a comparison of the 
fatigue effects between females and males is unknown and requires future 
research. The reduced neuromuscular functioning in both the feed-forward and 
feedback mechanisms in the youngest age group may potentially be a protective 
mechanism for their relatively immature musculoskeletal systems. The U15 age 
group was the only group to show a decrease in both the FH/Q ratio (muscular) as 
well as a reduced EMD (neuromuscular) following fatigue and may therefore be 
considered a high risk injury group. The oldest age group appears to show signs of 
a possible compensation mechanism to protect the joint despite significant 
impairment to feedback mechanisms. Both muscular stability (FH/Q ratio) and 
feed-forward mechanisms (Leg stiffness) were increased post fatigue, possibly in 
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order to protect the joint from the significant impairment to feedback mechanisms 
(EMD) when fatigue is present. The findings reinforce the importance of 
introducing training programmes to improve neuromuscular functioning and 
reduce the relative risk of injury (Hewett, 2000, Myer et al., 2008) in this at risk 
population. Additionally, the findings suggest that this neuromuscular training 
should be age/maturation specific as well as being undertaken in the 
middle/towards the end of training sessions in order to make it related to fatigue, 
which has not yet been previously prescribed.  
  
5.2 Influence of football specific fatigue on FH/Q ratio 
 
Both the hamstrings and quadriceps muscles are crucial for knee joint stability 
(Hughes and Watkins, 2006) and with the nature of agonist/antagonist muscle 
groups working together across a joint (Osternig, 2000), it makes studying this 
relationship paramount. Furthermore, the H/Q muscle strength ratio provides 
information on the functional stability of the knee by providing information on 
muscle balance around the knee joint (Baltzopoulos and Brodie, 1989). The ratio is 
frequently reported and important to practitioners due to the negative 
implications of a muscular strength imbalance on specifically the ACL and 
hamstrings (Holcomb et al., 2007). Vigorous quadriceps muscle action unopposed 
by antagonist hamstring recruitment may elicit increased ACL strain and increase 
injury risk (Padua et al., 2006). Therefore, one of the aims of the current 
investigation was to examine the effects of football specific fatigue on the FH/Q 
ratio.  
 
In order to increase the functional relevance of the study, the FH/Q ratio was 
calculated using angle specific average torque values and tested over a range of 
angular velocities. Following statistical analysis, a significant time by joint angle 
interaction was found indicating that regardless of age or velocity, the FH/Q ratio 
at the most extended joint position (0-10° of knee flexion) decreased post-fatigue 
compared with pre-fatigue. Furthermore, as the knee was further flexed, this 
negative effect of fatigue disappeared and by 20-30° of knee flexion the FH/Q ratio 
showed an increase post-fatigue. With the identification that near full knee 
extension static stability is reduced and functional stability relies on the dynamic 
stabilisers to protect the knee (Griffin et al., 2006) coupled with the fact an ACL 
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rupture is most likely to occur near full knee extension during high velocity 
movements (Renstrom et al., 2008) importance is placed on these findings. The 
data from the current study highlights the influence fatigue has on muscular 
dynamic knee stability and that this influence is angle specific, therefore 
reinforcing the inappropriate use of PT to calculate the FH/Q ratio. 
Epidemiological data often reports that injury is more frequent in the latter stages 
of football matches when fatigue is present and after numerous repetitions of the 
same movement (Hawkins et al., 2001, Ostenberg and Roos, 2000, Olsen et al., 
2004). This finding suggests that muscular stability systems are affected by 
changes in knee joint angles in elite female youth football players. This mechanism 
may be related to the force-length relationship and disruption through muscle 
damaged causing a shift to optimum force production at longer muscle lengths and 
less force production at shorter muscle lengths (Wilmore et al., 2008). Thus, by 
analysing the angle specific data pre and post fatigue, it became evident that in 
female youth football players, eccentric muscle actions are less effective when in 
extended knee positions when fatigue is present. Following a bout of football 
specific fatigue, the ability of the hamstrings to act eccentrically to counteract the 
concentric quadriceps is diminished, resulting in a decrease in the ratio. These 
findings are of particular importance for football players who during games and 
training frequently place the knee in extended positions in common movements 
such as kicking, twisting, pivoting and landing. Research on landing mechanics in 
female athletes indicated that females tend to land with a greater knee extensor 
moment, thus landing with the knee in a more extended position (Hass et al., 2005, 
Lephart et al., 2002) rather than absorbing the impact with knee flexion (Lephart 
et al., 2002). This landing technique displayed by females with the knee extended 
makes them vulnerable for ACL loading and therefore at risk of rupture (Lephart 
et al., 2002). These findings along with the results reported in the current study 
propose that landing in a more extended position towards the end of a football 
match when fatigue is present may increase the relative risk of sustaining an 
injury in this at risk population group.  
 
As this is the first study to have examined the FH/Q ratio based on angle specific 
averages in female youth football player’s pre and post fatigue, it is difficult to 
compare the findings to previous literature. There is also limited adult data using 
angle specific data available therefore further making comparison difficult. 
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Available studies on adult football players have reported a significant reduction in 
the FH/Q ratio using PT following fatiguing exercise (Small et al., 2010, Rahnama 
et al., 2003, Delextrat et al., 2011). These studies have induced fatigue in various 
ways such as on a laboratory treadmill (Rahnama et al., 2003) or by using field 
based protocols (Delextrat et al., 2011, Small et al., 2010) and have also 
determined torque with the hip in a flexed position which is not functionally 
relevant. There currently appears to be no published studies that have explored 
the influence of fatigue on angle specific FH/Q ratios other than unpublished data 
which has reported that the angle specific FH/Q ratio determined with a 
functionally relevant extended hip position, increases closer to knee extension 
when fatigue is present in adult participants (n=110)(Elnagar, 2012). This fatigue 
effect is a possible compensatory mechanism that by increasing the FH/Q ratio 
when fatigue is present is a way to respond to the reduced neuromuscular 
functioning (longer EMD) also caused by fatigue. This then provides the joint with 
some form of muscular protection. This is in contrast to the current study’s 
findings which may therefore suggest that young girl’s immature and developing 
muscular system is not advanced enough to compensate for the compromised 
neuromuscular effects of fatigue (see section 5.4). This is highlighted with the lack 
of ability of the hamstrings to act eccentrically close to full extension when fatigue 
is present thus resulting in a decrease in the FH/Q ratio.    
 
The significant main effect for joint angle in the current study indicated that the 
FH/Q ratio was higher between 10-20° than at both 0-10° and 20-30° of knee 
flexion. No significant difference was evident between 0-10° and 20-30° of knee 
flexion. This is in contrast to the adult literature which reports an increase in the 
FH/Q ratio as the knee approaches full extension (Aagaard et al., 1998, Coombs 
and Garbutt, 2002, Elnagar, 2012). This protective mechanism of an increase in the 
FH/Q ratio as the knee moves towards full extension is due to a larger decrease in 
concentric quadriceps torque than eccentric hamstring torque. Thus, the joint is 
some-what stabilised as the hamstring torque counteracts the torque produced by 
the quadriceps to reduce the anterior tibial sheer force placed on the ACL. The 
data in the current study does not show this muscular protective mechanism and 
therefore suggests that female youth football players may be at risk during 
movements that extend the knee. The mechanisms behind this proposed 
adult/child angle specific difference are difficult to prescribe but could be related 
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to either a) age/ maturational effects of eccentric torque production; b) 
quadriceps dominance in females; c) football specific training muscular effects 
and/or d) a combination of these factors. In the current study it is unlikely that the 
first hypothesis is true given the post-pubertal status of the U17 participants. 
However, whether there are protective mechanisms acting on the younger age 
groups to reduce muscle lengthening in order to limit eccentric torque production 
when the knee joint is almost fully extended (0-10° of knee flexion) remains to be 
investigated. It is also unlikely that the second hypothesis is true given that in 
adults, there was no angle related difference between male and female 
participants (Elnagar, 2012). Nevertheless, whether quadriceps dominance is 
evident in the female youth footballers in the current study is an interesting point 
and it is possible that the conflicting findings of the effect of joint angle on FH/Q 
ratio are related to sport specific muscular effects of traditional football training. 
Recent work on male youth football players (15 year-olds) has reported that 
loading patterns experienced during traditional football training asymmetrically 
strengthen the muscles about the knee, altering the balance towards more of a 
quadriceps dominance (Iga et al., 2009). This research by Iga et al. (2009) 
demonstrated a significant training effect in male youth footballers using PT to 
calculate FH/Q ratio, with lower ratios reported in conventionally trained players 
(technical and tactical training with game related fitness elements) compared with 
resistance trained footballers and controls. As the female football players complete 
the same volume of training per week (2 x 2 hour training; 1 competitive match) to 
the male players in this study and also follow a conventional training schedule, this 
hypothesis could be possible but requires further investigation.  
 
If traditional football training in female youth football players produces 
quadriceps dominant players, then we would expect to see significant age effects 
in the current study as the older age groups would have had more exposure to 
traditional football training. This however was not the case; no significant age 
differences were found in the FH/Q ratio between the U13, U15 and U17 age 
groups. This is in contrast to the cross-sectional study on a large group of male 
youth football players (n =157) aged from 12-18 years (Forbes et al., 2009). 
Forbes et al. (2009) reported significantly lower FH/Q ratios in the U18 age group 
compared with the U12 age group (0.84 versus 1.01 respectively). This reduction 
in the ratio with age was due to a greater increase in concentric quadriceps torque 
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compared to eccentric hamstring torque, reinforcing the hypothesis that 
traditional football training develops quadriceps dominance in males (Iga et al., 
2009). It is possible that this may reflect an interaction of sex and maturation as 
well as training. As boys hit maturation they increase anabolic androgens and 
increase muscle mass (Wilmore et al., 2008) which may be exaggerated further in 
response to training. This effect may not be observed in females due to different 
maturation processes. Furthermore, in contrast to the results of the current study 
are the findings of an investigation using non-trained male and female children, 
teenagers and adults to investigate the age and sex associated changes in the FH/Q 
ratio (De Ste Croix et al., 2007). A significant difference was reported with the 
prepubertal children producing a significantly lower FH/Q ratio than both the 
teenagers and adults (0.97 versus 1.23 versus 1.19 respectively) at 180°/s. Despite 
these conflicting reports, the results of the current study are in agreement to the 
work of Gerodimos et al. (2003) who found no significant age effects when 
investigating the FH/Q ratio in young basketball players aged 12-17. Direct 
comparisons between the results of these studies and the results of the current 
study are difficult to make due to the variety of methods followed. For example, 
the studies previously cited have determined the FH/Q ratio using PT and tested 
with the participants in a seated position with the hip flexed, both of which lack 
functional relevance as they do not represent knee joint function in sporting 
situations. The hip position is important when assessing torque values on 
isokinetic dynamometers as research has shown there to be a significantly greater 
torque production when sitting compared to when in prone/supine (Black et al., 
1993). A recent study indicated that seated torque was significantly greater than 
supine torque in rugby players, highlighting that hip angle influences both 
concentric and eccentric PT (Deighan et al., 2012). Furthermore, comparisons 
between the torque generated in prone and supine have been made, highlighting a 
significant difference, with torque recorded in the prone position greater than in 
supine (Worrell et al., 1990). Therefore caution should be taken when comparing 
studies using different hip positions.  
 
The results of the current study show no main effect of time on the FH/Q ratio and 
a possible explanation for this could be related to the football specific fatigue 
protocol used. Various football specific protocols are available but generally field 
based protocols such as the LIST (Nicholas et al., 2000) or the SAFT90 (Small et al., 
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2010) are favored due to the greater ecological validity than a treadmill based 
protocol as they are more representative of movement patterns involved in a 
match (Delextrat et al., 2011). As the LIST protocol includes a run to exhaustion 
aspect at the end of the task, the SAFT90 was deemed more appropriate. This said a 
possible explanation for the lack of any significant effects of time/fatigue could be 
due to the limited eccentric actions in the SAFT90. The protocol does contain 
periods of rapid deceleration and some subtle cutting and direction changes 
however the negotiation through the poles in the course is limited to a swerve 
rather than a true cutting movement. Additionally, as the protocol does not include 
any jumping, landing and kicking movements which are actions that place a 
greater stress on the eccentric portion of the muscle the hamstrings may not have 
been worked as much as they are in a game. In order to cater for the eccentric 
work of these game specific actions, a protocol integrating jumping, landing and 
kicking actions as well as rapid deceleration and direction changes would be 
valuable. It should also be noted that the SAFT90 is based on English Championship 
men’s football and the activity profile may be different in female youth football. 
Although logistically more difficult, ideally it would be beneficially to explore the 
FH/Q ratio following a competitive fixture in order to collect valid data which fully 
represented the muscular and neuromuscular response to football specific fatigue. 
 
No statistically significant group by time interaction effects on the FH/Q ratio were 
reported in the current study. However, age related data approached statistical 
significance (F2,34 = 2.299, p = 0.07) and age group associated differences from pre 
to post fatigue can be observed in the FH/Q ratio data. It is therefore possible that 
with a larger group size the age related data would reach statistical significance. 
From pre to post fatigue, the U13 age group remained similar (5.8% increase) the 
U15 age group decreased (15.8% decrease) and U17 age group increased (17% 
increase). The absolute difference in the FH/Q ratio between the U15 and U17 age 
group from pre to post fatigue is 0.51. This difference in the fatigue related 
response to dynamic muscular stability in female youth football players clearly has 
some practical significance and may have reached statistically significance with a 
large sample size. Previous adult literature has reported conflicting findings to the 
non-significant main effect for time reported in the current study (Delextrat et al., 
2011, Small et al., 2010, Rahnama et al., 2003).  All of these studies are consistent 
in reporting that the eccentric hamstring torque decreased to a greater extent than 
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the concentric quadriceps torque when fatigue was present. However, the results 
of these studies should be taken with a degree of caution as they all use PT to 
calculate FH/Q ratio and all tested with the hip in a flexed position, both which 
lack functional relevance.  
 
It is relatively difficult to prescribe the current study’s findings to physiological 
and biomechanical mechanisms as well as compare them to previous literature as 
this is the first study to have explored the effect of football specific fatigue on the 
FH/Q ratio in female youth football players using averaged angle-specific data.  In 
support of the U17 findings of  increased FH/Q ratio when fatigue is present, the 
study of Wright et al. (2009) reported a significant increase in the FH/Q ratio 
following fatigue (0.88 versus 1.08). The protocol used by Wright et al. (2009) to 
induce fatigue consisted of 50 maximal concentric knee flexion/extension 
repetitions and was conducted on recreational football players (n = 8). EMG 
analysis also identified that the co-activation of the hamstrings during the 
concentric quadriceps muscle action increased post fatigue. This increase in 
hamstring co-activation following fatigue is suggested as a way to increase joint 
stability in order to act as a safety mechanism during knee extension (Wright et al., 
2009) and may be attributed to the greater FH/Q ratio found in the U17 age group 
in the current study. As previously highlighted, comparable data from youth 
football players is limited however unpublished work has explored football 
specific fatigue; induced by the SAFT90, on angle specific FH/Q ratio in U18 male 
professional footballers (n = 15) (Davenport, 2011). This investigation found no 
significant change in the FH/Q ratio post fatigue irrespective of joint angle or 
movement velocity. It should be noted that every players FH/Q ratio did increase 
(some more than others) just not significantly and may support the hypothesis 
that the SAFT90 may not include enough eccentric work. The available data on male 
footballers and the current studies U17’s data suggest that the FH/Q ratio is not 
compromised following football specific fatigue. Furthermore, the current study 
suggests that post puberty muscular stability is increased when fatigue is present 
in female youth football players. However, an unchanged ratio but with lower 
levels of absolute torque may also represent reduced stability and highlight the 
importance of looking at the hamstring and quadriceps torque data as well as the 
FH/Q ratio. It is difficult to prescribe mechanisms for this post fatigue increase in 
FH/Q ratio but it is due to the greater reduction in concentric quadriceps torque 
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production post fatigue compared with the decline in eccentric hamstring torque 
production. Previous research has identified that eccentric muscle actions are 
generally more fatigue resistant than concentric muscle actions (Roig et al., 2009). 
Additionally, sex differences in muscle fatigue exist with females displaying a 
greater relative fatigue resistance than males during repeated high-intensity tasks 
(Hicks et al., 2001). These are possible explanations for the difference in findings 
of the present study and the significant decrease in the FH/Q ratio previously 
reported in football fatigue related studies that have used adult males as 
participants (Small et al., 2010, Rahnama et al., 2003). The findings of the current 
study suggest that there may be a development of fatigue resistance following 
repeated eccentric muscle actions with maturation in young girls towards the 
adult state (U17). Another possible suggestion based on the findings in U18 male 
professional players (Davenport, 2011) is that there may be an additional 
protective mechanism which is developed through football training and total 
hours of exposure, preventing a detrimental effect of fatigue on FH/Q ratio. 
However, this idea requires further investigation by exploring whether the fatigue 
related effects reported in the current study are present in non-trained young 
girls. The increase in the FH/Q ratio post fatigue observed in the U17 age group is 
possibly related to both maturational and training status in order to protect the 
joint following the detrimental effect of fatigue on neuromuscular stability (see 
section 5.4).  
 
It is well recognised within adult literature that fatigue effects concentric and 
eccentric actions differently. Generally speaking, eccentric muscle actions are 
more susceptible to muscle damage than concentric muscle actions (Roig et al., 
2009) and this may be the most important type of fatigue from an injury 
perspective. Following on from this, in a fatigued state the FH/Q ratio should 
increase making the knee more stable as found in the U17 age group of this study. 
However, a significant decrease in the FH/Q ratio was found in the U15 age group 
and these findings are comparable to previous adult findings (Oliveira et al., 2009, 
Delextrat et al., 2011, Rahnama et al., 2003, Small et al., 2010). All these studies are 
consistent in reporting a greater decrease in eccentric hamstring PT compared to 
concentric quadriceps PT and suggest the stability of the knee joint is 
compromised during forceful knee extension movements when fatigue is present. 
However, the mechanisms associated with this decrease in the ratio in the U15 age 
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group are more difficult to prescribe than adults and are possibly related to the 
pubertal status of the group. The decrease in FH/Q ratio in pubertal female 
football players is an interesting finding as we observed similar pre and post FH/Q 
ratio in the U13 pre-pubertal age group which then switched to a decrease in the 
ratio in the U15 pubertal group and then an increase in the ratio in the U17 post-
pubertal group, which suggests the changes are possibly due to changes in 
development and metabolic specialisation. It has been suggested that pre-
pubescent children appear to be metabolic non-specialists, meaning that they are 
neither classified as anaerobic or aerobic performers (Bar-Or and Rowland, 2004). 
Available information suggests that that there is a progressive rise in anaerobic 
glycolysis as children age and a reciprocal decline in aerobic metabolism capacity, 
which contributes to alterations in exercise fatigue (Rowland, 2005). Therefore, it 
is possible that the participants in the U15 age group in the current study are in 
the transition from being non-specialists like the U13’s to becoming specialists like 
the U17’s. Furthermore, this age group may be moving from relying on aerobic 
sources to generate energy to using predominantly anaerobic sources and not yet 
developed metabolic strategies to cope with the by-products of this process unlike 
the post-pubescent U17 age group, which would explain the negative muscular 
response to fatigue shown in this age group compared to the positive response in 
the U17 age group. In support of this theory is evidence that young children are 
more fatigue resistant than adults (De Ste Croix et al., 2009, Ratel et al., 2006) due 
to: a) quicker use of oxidative pathways that lead to a lower accumulation of by-
products, b) the lower ability to activate type II muscle fibres, c) and the possibility 
of faster phosophocreatine resynthesis, improved acid base regulation and faster 
removal of metabolic by-products (De Ste Croix and Deighan, 2012). Additionally, 
it is suggested that for girls, PHV occurs at approximately 12 years of age with 
peak weight velocity (PWV) occurring at approximately 12.5 years (Kenney et al., 
2011). Therefore, it is possible that the U15 players’ data; who were on average 1 
years post PHV, is related to the rapid change in body weight (PWV) during this 
pubertal stage and the increased likelihood of injury due to increased loading. 
Potentially, the U15 players are experiencing increases in fat mass which provides 
an additional load for them to carry and increases ground contact loading 
(Wilmore et al., 2008). Another explanation is that there could be a protective 
mechanism in the U15 age group that does not allow them to develop large 
eccentric force in the hamstrings when fatigued as a way to protect the joint. This 
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avoidance of extensive muscle lengthening in order to prevent muscle damage 
would be seen as a protective mechanism, however in this situation it is an 
unwanted effect as it potentially increases the relative risk of injury by decreasing 
knee joint stability. All of the suggestions for the findings in the current study are 
initial explanations and therefore require further investigation.  
 
It should be noted that a further explanation of the negative fatigue effect seen in 
the U15 age group compared with the U17 age group could surround the 
completion of the football specific fatiguing task. The SAFT90 protocol is based on 
participant self regulation and workload is not matched or monitored so it could 
simply be that the U15 age group worked harder than the U17 age group and 
therefore induced a greater fatigue response. This hypothesis is partly supported 
by the data we collected for descriptive and feedback purposes on the distance 
travelled during the simulated game. The mean difference between the mean 
distance covered by the U15 and U17 age groups during the SAFT90 was only 65m 
(10,525m versus 10,590m) despite the U15 participants performing for 10 
minutes less than the U17 participants (80 versus 90 minutes).   
 
It would appear that the reduced muscular stability alongside the reduced 
neuromuscular stability (see section 5.4) following football specific fatigue seen in 
the current study places the pubertal female football player at the greatest risk of 
knee injury. It is therefore relevant to mention that the reason why the U15 age 
group had a smaller sample (n = 9) than both the U13 (n = 14) and U17 (n = 13) 
age groups was because four players in the U15 age group were suffering with 
knee injuries during the testing period. The findings of the current study placing 
pubertal players at the greatest risk of injury is supported by recent football injury 
incidence data on boys and girls in the development years (6-18 years) that 
reported a significant increase in injury incidence from 9-12 year olds (8.0 
injuries/1000h of exposure) compared to 13-16 year olds (65.8 injuries/1000h of 
exposure) (Rumpf and Cronin, 2012). There may be a variety of changes in the 
body in the U15 age group such as moving to metabolic specialization (Bar-Or and 
Rowland, 2004), increased fat mass and anatomical changes (Wilmore et al., 2008)  
all with consequences on neuromuscular control. This incidence data further 
highlights the injury risks associated with this age group and shows the 
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importance of introducing prevention programs to target muscular and 
neuromuscular factors at an early age that are age group specific.    
 
5.3 Influence of football specific fatigue on relative leg stiffness 
 
Leg stiffness has an important role in the dynamic stability of the knee and without 
adequate stiffness a person may be at risk of injury (Hughes and Watkins, 2006). 
Feed-forward mechanisms prepare the joint before ground contact (Ford et al., 
2011) with this pre-activation allowing force absorption and as a result decreases 
stress on ligaments (Hewett et al., 2005) and is therefore an important part of 
neuromuscular control. It is difficult to compare the findings of the current study 
to previous literature as this was the first study to have explored the effect of 
football specific fatigue on relative leg stiffness in female youth football players.  
 
The current study revealed a significant time by group interaction effect which 
was due to a slight decrease in relative leg stiffness in the U13 age group, no 
change in the U15 age group and an increase in the U17 age group pre to post 
fatigue. These results suggest that football specific fatigue induces an inhibitory 
response in younger pre-pubertal players and an excitatory response in older 
post-pubescent players. The observed increase in leg stiffness in the older age 
group suggests a shift to increased prepatory muscle activation which will stiffen 
the joint prior to landing thus, decreasing the stress on the knee joint and reduce 
the risk of knee injury (Hewett et al., 2005) upon landing and when fatigued. In 
contrast, the reduced pre-activation in the younger age group is due to more of a 
yielding action and less efficient movement (Wilson and Flanagan, 2008), which 
will decrease stability and potentially increase the risk of ACL injury (Padua et al., 
2005) when landing and fatigued. Data was also collected to explore the inter and 
intra session reliability of the method used to collect the leg stiffness data as it had 
previously only been used on young boys (Lloyd et al., 2009). Similarly to the 
previous authors, a high average intra-class correlation coefficient was reported 
for the trial-to-trial reliability of the four repetitions, suggesting a strong 
correlation between trials. Statistical analysis revealed no significant difference in 
inter-session reliability, suggesting that using mobile contact mats is a reliable 
field-based method when examining leg stiffness between sessions in young girls.   
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Available adult data is conflicting as some studies have shown an increase in 
stiffness post fatigue (Morin et al., 2011), some show no change in stiffness (Girard 
et al., 2011) and some show a decrease in stiffness (Dutto and Smith, 2002). Due to 
differences in the protocol used to induce fatigue and the different methods used 
to calculate stiffness, it is difficult to attribute these findings to mechanistic 
structures. Limited leg stiffness data on children when fatigued is available, 
however unpublished data on 16 year old boys has shown an individual response 
of leg stiffness following 45 minutes of football specific exercise (Oliver, 2008). 
Furthermore, Hunter and Smith (2007) concluded that the effect of fatigue on leg 
stiffness is subject specific/individualised as some participants increased stiffness, 
some decreased while others showed no change post fatigue. Therefore 
differences in findings post fatigue may be due to this individual response. Caution 
should be taken when comparing the results of studies exploring leg stiffness as 
research has highlighted that stiffness is related to the speed of the movement 
(Oliver and Smith, 2010). It is also important that when exploring age/ 
maturational related differences in leg stiffness that both body mass and limb 
length are taken into consideration due to their mechanical influence on the 
movement (McMahon and Cheng, 1990). This is especially important when 
comparing children of different ages/maturational stages where proportional 
changes in limb length during growth and maturation play a key role in 
biomechanical and muscular functioning. The relative leg stiffness value reported 
in the current study took into account both of these factors, however previously 
limb length is often ignored.  
 
The pre fatigue stiffness values of the U13 and U15 age groups in the current study 
are similar to the values previously reported using the same protocol in young 
boys (Lloyd et al., 2012, Oliver and Smith, 2010). Lloyd et al. (2012) reported 
similar relative leg stiffness values in 12 year olds (43.53 ± 13) and 15 year olds 
(49.50 ± 12.17) to the pre fatigue data collected for the current studies U13 (44.6 ± 
5.5) and U15 (46.4 ± 8.8) age groups. Oliver and Smith (2010) reported relative leg 
stiffness at three hopping frequencies of 1.5Hz, a self selected preferred frequency 
and at 3.0Hz in 11-12 year old boys. The relative stiffness values were 15.1 ± 5, 
22.0 ± 9.2 and 51.6 ± 5.1 respectively, identifying the speed of the movement to be 
an important factor in leg stiffness results. The authors also tested adult males and 
reported that significant age related effects in the neural control of leg stiffness are 
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present in boys, with stiffness increasing with age. This significant age effect was 
also present in the study by Lloyd et al. (2012) with leg stiffness increasing from 9 
to 12 year olds and greatest in 15 year old boys when compared to the younger 
ages. The current study also displayed age related differences in relative leg 
stiffness, however this difference did not increase with age; it in fact decreased, 
with the U17 age group displaying lower values pre fatigue than both the U15 and 
U13 age groups. This difference is difficult to explain as it has been proposed that 
in young boys there is a clear maturational effect on leg stiffness that is related to 
growth and the development of motor control (Lloyd et al., 2012). Lloyd et al. 
(2012) suggest that as children mature they become more reliant on supra-spinal 
feed-forward mechanisms to regulate greater levels of leg stiffness. However, it is 
again possible that the results in the current study reflect an interaction of sex and 
maturation. Boys display greater changes in muscle structure and function than 
girls throughout maturation, with girls increasing fat mass (Wilmore et al., 2008), 
therefore normalising to body mass may disadvantage the older and more mature 
players. The current study is in agreement with this concept in female youth 
football players; however only when fatigue is present. It is therefore likely that 
the age related effects in the female football players in the current study are purely 
due to the effects of fatigue rather than from normal growth and maturation. 
There is supporting data that has also demonstrated no significant maturation 
effects in leg stiffness once absolute stiffness was normalised for body mass in 11-
13 and 16-18 year olds during a hopping task (Korff et al., 2009). 
 
The U13 relative leg stiffness data; which shows a small decrease from pre to post 
fatigue, suggests a detrimental effect of fatigue on neuromuscular feed-forward 
mechanisms and immediate stretch-reflexes in pre-pubertal female youth 
footballers. It is also important to report that there were no individualised effects 
of fatigue on leg stiffness with all participants decreasing following the fatigue 
task. This reduction in feed-forward mechanisms indicates longer ground contact 
times, shorter flight times and a likely shift in the neural control to a lower 
contribution from pre-activation and short latency stretch reflexes. The reason for 
this neural response in this age group is unclear but it could be related to a 
protective mechanism to prevent rapid overload of the relatively immature 
musculotendon system upon ground contact (Lloyd et al., 2012). It is well 
recognised in the literature that the Golgi complex is considerably diminished in 
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size and number in adults compared with children (Oliver and Smith, 2010) and 
this could be responsible for the increased protective mechanism. The findings of 
the current study suggest that young female footballers (U13) ability to recall pre-
programmed commands to regulate stiffness may not be optimal when fatigue if 
present.  
 
The U15 relative leg stiffness data found in the current study is in agreement with 
a previous unpublished report on U16 male footballers that showed no significant 
change in relative leg stiffness following 45 minutes of football specific exercise 
(Oliver, 2008). Additionally, the Oliver (2008) data showed an individual response 
to the fatigue protocol with some individuals increasing leg stiffness post fatigue, 
while others decreased leg stiffness. This hypothesis of an individual response to 
fatigue is supported by the work Hunter and Smith (2007) on adults. The authors 
demonstrated that following a one hour exhaustive run some participants 
increased stiffness, some showed no change while others decreased. This 
individualised response to fatigue was present in the U15 age group in the current 
study, indicating that pre-activation was enhanced in some individuals but 
reduced in others post fatigue. The variation of either a slight increase or slight 
decrease in leg stiffness post fatigue shown in this group could be related to the 
pubertal status of the group, as the U15 age group contained individuals at 
differing stages of maturation (range in offset from PHV was +0.41 – 1.95 years). 
The U15 data of the current study suggest that female players who are progressing 
through puberty do not show a significant detrimental effect of fatigue on feed-
forward neuromuscular mechanisms, however they also do not use feed-forward 
mechanisms in a compensatory manner, as shown in the U17 age group.  
 
The data reported in the U17 age group shows participants to significantly 
increase relative leg stiffness when fatigued. This suggests there are enhanced 
feed-forward and stretch reflex mechanisms in post pubertal female footballers 
following a simulated game. Morin et al. (2011) investigated changes in running 
kinematics, kinetics and spring-mass behavior over a 24 hour run. The authors 
reported a significant increase in both leg and vertical stiffness following the 
fatigue protocol. The reason for this enhancement in the current study is difficult 
to explain, but it is possible that the increase is some form of compensatory 
mechanism; as with the increase in muscular stability (FH/Q ratio) post fatigue, to 
 88 
counteract the longer latency times (EMD) when fatigue is present. These findings 
suggest that either through normal growth and maturation and/or football specific 
training that post pubescent female football players compensate for the reduced 
feedback mechanisms (EMD) post fatigue by increasing muscular stability (FH/Q 
ratio) as well as increasing feed-forward mechanisms (stiffness) in order to 
protect the knee joint. Furthermore, the current study demonstrates a possible age 
effect in leg stiffness as the youngest age group decrease following fatigue where 
as the oldest age group increase. Lloyd et al. (2012) demonstrated significantly 
greater absolute and relative leg stiffness in 15 year olds compared to 12 and 9 
year olds. Similarly, Oliver and Smith (2010) demonstrated that men were able to 
increase their feed-forward mechanisms as they demonstrated a greater relative 
stiffness compared to boys at faster hopping frequencies. These findings support 
the idea that there are age related effects on leg stiffness and therefore support the 
data in the current study; however this age effect is only evident when fatigue is 
present. Whether this age effect when fatigued in the current study is related to 
age and maturation, or is further enhanced through football specific training in 
female youth football players requires further investigation using non-trained 
controls. A further possible explanation for the increased leg stiffness post fatigue 
seen in the current study could be related to a training/learning effect and skill 
mastery. Laffaye et al. (2005) investigation on leg stiffness and expertise in men 
when jumping indicated that experts demonstrated an increased stiffness in order 
to maximise jump height compared to novices. It is therefore possible that the U17 
participants in the current study have learned to increase stiffness when fatigued 
in order to maintain performance as well as help to reduce the relative risk of 
injury.  
  
The relative leg stiffness data in the current study could potentially demonstrate 
some form of training effect which is greater than expected changes seen through 
normal growth and maturation. This however, would require further investigation 
using control groups in order to compare the findings to non-trained individuals. 
Limited data on the effect of training on leg stiffness in children is available, 
however a recent study has reported that leg stiffness was improved in 12 and 15 
year old boys following 4 weeks of plyometric training (Lloyd et al., 2011). This 
study concluded that training can improve relative leg stiffness in children; 
however training may be age dependent as 9 year old participants in the same 
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study did not improve. It is therefore possible that the change from an inhibitory 
effect of fatigue in the U13 age group to an excitatory response in the U17 age 
group is due to some form of training effect in which the ability to compensate for 
a reduction in another stability mechanism (in this case EMD) with fatigue is 
developed through training. Finally, it should be noted that none of the age groups 
in the current study had undergone any systematic plyometric, resistance or 
eccentric conditioning programmes, therefore any possible training effects are 
related purely to the traditional football specific training being completed.  
 
5.4 Influence of football specific fatigue on EMD 
 
Electromechanical delay can be defined as the latency between the onset of 
electrical activity in the muscle and the onset of force generation by that muscles 
contraction (Yavuz et al., 2010). It is classified as a characteristic of neuromuscular 
function (Blackburn et al., 2009) and is vital in sports performance as it affects the 
muscular response time to a stimulus. A vital part of the EMD of a muscle is the 
stretching of the series elastic component (SEC) as it has been suggested that the 
time required for the contractile component to stretch the SEC is responsible for 
the major portion of EMD (Zhou et al., 1996, Winter and Brookes, 1991).  
 
The current study reported a significant time by group interaction and main effect 
for time and group for EMD, indicating that football specific fatigue significantly 
increases the EMD post fatigue in female youth football players. The data reported 
demonstrates that regardless of age, neuromuscular feedback mechanisms are 
significantly compromised during football performance in elite female youth 
football players. Furthermore, the youngest age group tested (U13) were the most 
affected, highlighting that the reduced ability of the neuromuscular system to 
contribute to knee stability when fatigued is most extreme in this age group. A 
significant main effect for time was found, indicating that the EMD of all three 
muscles assessed was longer following the fatigue protocol compared to before the 
fatigue task. It is suggested that this lengthening post fatigue which is frequently 
reported in the literature (Zhou et al., 1996, Yavuz et al., 2010, Howatson, 2010) is 
due to metabolic inhibition of the contractile process and excitation-contraction 
coupling failure; both suggested to explain peripheral fatigue (Kent Braun, 1999). 
Therefore, the findings of the current study suggest that there is a reduced 
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capacity of the dynamic stabilisers of the knee to provide forceful corrective 
responses to mechanical loading of the knee using feedback mechanisms, when 
fatigue is present in female youth football players. This detrimental effect of 
fatigue and change in neuromuscular performance may represent an increased 
risk of injury. For example, research has identified that well-timed activation of the 
hamstring muscles; ACL synergists, can protect the ACL from mechanical strain by 
stabilising the tibia and reducing anterior tibial translation and highlights that it is 
the speed of this activation that is vital for the subsequent joint stability (Shultz 
and Perrin, 1999). Thus, when fatigued the female youth football players in the 
current study had a reduced ability to quickly activate their muscles following a 
stimulus to protect their joint from injury.  
 
It is somewhat difficult to compare the findings of the current study to previous 
literature as to our knowledge this was the first study to examine the effect of 
fatigue on EMD changes during eccentric muscle actions of the hamstrings. 
Furthermore, no studies have examined the effect of football specific fatigue on 
EMD in elite female youth football players. Available unpublished work has shown 
a significant increase in EMD during eccentric hamstring exercise in both male and 
female adults, with the effects significantly greater in the female participants 
(Elnagar, 2012). These findings are in agreement with the findings of the current 
study indicating that EMD during eccentric hamstring actions are compromised 
when fatigue is present.  
 
A number of adult studies have investigated the effect of fatigue on EMD; however 
this is mainly during isometric muscle actions. Previous literature identifies that 
EMD is influenced by; the type of muscle action (Cavanagh and Komi, 1979), joint 
angle (Grabiner, 1986), the effort level (Vos et al., 1991), fatigue (Nilsson et al., 
1977) and the age and sex of the participants (Clarkson and Kroll, 1978). The 
majority of adult studies have shown that EMD significantly increases following a 
fatiguing bout of exercise (Nilsson et al., 1977, Zhou et al., 1996, Howatson, 2010, 
Elnagar, 2012). Nilsson et al. (1977) reported an increase in the EMD of the vastus 
lateralis muscle during concentric muscle actions. Following 100 maximal 
isokinetic knee extensions the EMD increased from 95ms at rest, to 115ms half 
way through the protocol and 121ms post fatigue (27% increase) in which the PT, 
work and power all decreased by approximately 50%. Similarly, Zhou et al. (1996) 
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reported an increase in the EMD of the knee extensors during isometric muscle 
actions following 30 seconds of all out sprint cycling. Following the fatiguing 
exercise, the EMD increased from 40 ms at rest, to 63 ms post exercise (57% 
increase). This EMD percentage change reported by Zhou et al. (1996) is very 
similar to that reported in the current study (57% versus 58%) despite differences 
in the muscle tested and muscles action performed. In contrast, the EMD 
percentage change reported by Nilsson et al. (1977) is smaller than reported by 
both Zhou et al. (1996) (27% versus 57%) and the current study (27% versus 
58%), highlighting the influence different fatigue protocols and the age and sex of 
the participants can have on EMD. Howatson (2010) explored the impact of 
damaging exercise on EMD in the biceps brachii and revealed some interesting 
findings. The author reported that following fatiguing exercise, EMD remained 
compromised 96 hours following the task despite force production returning to 
pre fatigue levels. The author concluded that EMD was a useful tool for monitoring 
recovery following intense damaging exercise. The previous literature on adults 
have important implications for injury risk as neuromuscular feedback 
mechanisms appear to be compromised following fatigue and remain 
compromised even after muscular components have fully recovered. The chronic 
effects of football specific fatigue on EMD were not investigated in the current 
study. However, as the increase in EMD post fatigue was relatively large it is 
possible that female youth football player’s neuromuscular feedback mechanisms 
remain compromised until their next training session; a few days later, which 
could place them at an increased relative risk of injury. This hypothesis requires 
further investigation exploring the chronic effects of football specific fatigue on 
both muscular and neuromuscular components on elite female youth football 
players. This data would give coaches vital information regarding the 
neuromuscular readiness to re-perform identifying an optimal time to train to 
avoid placing players at an increased relative risk of injury.  
 
Currently there are no available paediatric studies that have explored the effect of 
fatigue on EMD in either boys or girls. The limited studies reporting EMD data on 
children have been exclusively on boys, during isometric actions and in a non-
fatigued state (Cohen et al., 2010, Falk et al., 2009, Grosset et al., 2010, Zhou et al., 
1995) therefore making comparison to the current study difficult. The work of 
Zhou et al. (Zhou et al., 1995) focused on the normal EMD range of the knee 
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extensors as well as the effects of age and sex on EMD. The authors reported 
significantly longer EMD values in 8-12 year old children than in adults but no 
significant difference between EMD in the girls compared with the boys in the 
youngest age group (8-12 year olds). Similarly, Cohen et al. (2010) and Falk et al. 
(2009) found significantly longer EMD values in young boys compared with adult 
men. Differences such as lower muscle activation and lower muscle fibre 
conduction velocity in boys have been implicated in this longer EMD displayed in 
children (Halin et al., 2003) and may increase the potential for injury in children. It 
is suggested that children recruit and utilise less type II muscle fibres during 
maximal voluntary muscle actions than adults and therefore show a longer EMD 
(Falk et al., 2009, Halin et al., 2003). The data collected in the current study on the 
EMD of the hamstrings during eccentric muscle actions support this previously 
identified age related EMD difference. The U13 age group had a significantly longer 
EMD for all muscles tested (119 ms) compared with the U15 (93 ms) and U17 (92 
ms) age groups which may be related to maturation changes in the muscle-tendon 
ability to generate and transmit force. These pre-fatigue EMD values are longer 
than those previously reported in the literature for isometric actions (Cohen et al., 
2010, Falk et al., 2009, Grosset et al., 2010, Zhou et al., 1995) however this may be 
related to differences in the muscle group, muscle action and movement velocity 
tested. Additionally, it has previously been highlighted that EMD comparisons 
between studies is problematic as EMD values in adults have been seen to vary 
between 30 to 50 ms and up to a few hundred ms and vary depending on the 
muscle group, muscle action and movement velocity tested (Shultz and Perrin, 
1999).  
 
 The current study is the first to demonstrate age related effects in the EMD of the 
eccentric hamstrings when fatigue is present in female youth football players. The 
significantly longer EMD both pre and post fatigue displayed by the U13 age group 
indicates a reduced ability of younger girls to quickly activate their muscles and 
respond to a physical (movement of lever arm) and visual stimulus (light box). One 
possible explanation for this is that younger girls may have a more compliant 
muscle-tendon system compared with older girls which requires more time to 
produce a mechanical response given the same stimulus. Another explanation for 
the age difference when fatigued in the present study could be due to the fibre 
type distribution, with type II fibres displaying shorter force-developing times 
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compared to type I fibres (Winter and Brookes, 1991). Although muscle biopsy 
studies on children are sparse, the available literature indicates a decline in the 
percent of type I fibres from childhood to adolescence (Amrstrong and Fawkner, 
2009) which may partly explain the results seen in the current study, however this 
hypothesis requires further investigation. Research by Cohen et al. (2010) 
identified that the level of training did not have any significant effect on EMD in 9-
12 year olds, when comparing EMD of endurance trained and untrained children. 
The findings of the current study may challenge this lack of training effect and 
suggest that the number of total hours of athlete exposure may influence EMD by 
reducing the detrimental effects of fatigue as shown in the U17 compared with the 
U13 age groups. This hypothesis does however require further investigation 
exploring the fatigue effects on EMD using non trained participants in each age 
group.  
 
It would appear that the prolongation of the EMD when fatigued found in the 
current study maybe largely attributed to a failure somewhere in the muscle 
contraction process as EMD has been shown to increase in parallel with muscle 
fatigue (Horita and Ishiko, 1987). This does not however explain the significant 
age effect reported in this study in the longer EMD both pre and post fatigue in the 
U13 age group when compared to the U15 and U17. As the time it takes to stretch 
the SEC forms a major part of EMD (Zhou et al., 1996, Winter and Brookes, 1991) 
the hypothesis that children have more elastic muscle and tendon which could 
increase the time required to stretch the SEC (Zhou et al., 1995) may account for 
these differences. The current study clearly displays an elongation of EMD with 
fatigue which is likely to reflect impaired contraction mechanisms. The 
mechanisms involved in this increased EMD following fatigue in female youth 
football players could be due to deterioration in muscle conductive, contractile or 
elastic properties and require further investigation. 
 
The current study found no significant muscle specific differences in the EMD 
recorded pre or post the football specific fatigue protocol. Therefore, these 
findings suggest that during eccentric hamstring actions in female youth football 
players, there are no differences in the feedback mechanisms between the medial 
and lateral hamstrings or the calf muscles. Padua el al. (2006) suggested that when 
fatigued female athletes show an ankle-dominant strategy when landing, with a 
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greater reliance on the ankle musculature and less on the knee musculature. This 
shift from knee dominance pre fatigue to ankle dominance post fatigue to stabilise 
the joint is suggested to occur as the ankle muscles tend to be less fatigued. This 
shift to less fatigued musculature was seen as a compensatory mechanism in order 
to maintain leg stiffness when fatigued (Padua et al., 2006). The current study 
appears to be the first to have examined changes in EMD pre and post football 
specific fatigue to explore if an ankle dominant strategy is evident in female youth 
football players. The current findings suggest that following football specific 
fatigue, female youth football players show no differences in the feedback 
response of the hamstrings or the calf. Furthermore, this suggests that female 
youth football players do not move towards an ankle dominant strategy when 
fatigue is present, irrespective of age, maturational status or training status. A 
limitation of the current study; as with Padua et al. (2006)  is that the role of the 
gluteal muscles was not explored. It is possible that the fatigue protocol used may 
have altered the EMD of the gluteals in order to compensate for fatigue. Ethically it 
is difficult to explore the role of gluteals in female youth footballers but future 
research is necessary in order to investigate the effects of fatigue on the 
neuromuscular response of both the hip musculature and core muscles.  
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CHAPTER VI 
APPLIED IMPLICATIONS AND RECOMMENDATIONS 
 
The findings of the current study suggest that muscular functioning may not be 
dramatically impaired following football specific fatigue; however, it would appear 
that neuromuscular feedback mechanisms (EMD) are severely compromised in 
elite female youth football players regardless of age. Additionally, fatigue effects on 
leg stiffness appear to be age/maturation dependant and warrant further 
investigation. In addition to these main findings, various methodological issues 
have also been highlighted and should therefore be considered in future research. 
The findings of the current study have important implications and 
recommendations towards the ongoing effort to understand and prevent injuries 
in female football players.  
 
The leg stiffness reliability data conducted as part of this project has highlighted 
the usefulness of mobile contact mats as a field collection tool. The sub maximal 
hopping task on mobile mats which was previously deemed reliable in young boys 
(Lloyd et al., 2009) is equally as reliable in elite female youth football players, 
whether this be within the same session (intra) or a separate session (inter). 
Moreover, the current findings relating to the FH/Q ratio propose that that 
muscular stability is negatively affected by fatigue near full knee extension. This 
finding reinforces the importance of using angle-specific average torque values to 
give a full picture of the stability of the knee joint when near full extension.  
 
Injury incidence data has identified various mechanisms of ACL injury, 
highlighting that injuries commonly occur when the knee is close to full extension 
(Boden et al., 2000). Furthermore, it has been suggested that females tend to land 
in extended knee positions (Lephart et al., 2002). The results from the current 
study identified that once fatigued, the FH/Q ratio declines at 0-10° of knee 
extension while remaining similar at 10-20° and increasing at 20-30°. This 
decrease in muscular stability when fatigue is present places the participant at an 
increased relative risk of injury. Therefore any muscular conditioning prescribed 
to players should include and focus on movements towards full knee extension. In 
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addition to this, training should focus at improving landing in the hope of 
preventing injury in female youth football players. 
 
Previous investigations have indicated that the introduction of neuromuscular 
training programmes including; plyometrics, balance training, dynamic 
stabilisation training, eccentric training, trunk and hip training and static 
stretching reduce the relative risk of injury and enhance physical performance 
(Mandelbaum et al., 2005, Emery and Meeuwisse, 2010, Bizzini et al., 2012). 
However, these programmes have been solely introduced as warm ups; the effect 
of introducing these programmes towards the end of training sessions is unknown.  
It therefore seems necessary to introduce these programmes in the middle/ 
towards the end of a session in order to introduce and develop fatigue resistance 
to reduce the relative risk of injury associated with fatigue. EMD is shown to be 
drastically impaired post fatigue in all age group calling for an emphasis of 
intervention programmes to develop neuromuscular functioning. Given the 
detrimental effects on neuromuscular performance in all age groups following a 
football specific fatigue protocol in the current study, specific focus is needed on 
developing neuromuscular functioning in order to reduce relative injury risk.  
 
The current study reported various age and maturation effects on the FH/Q ratio, 
leg stiffness and EMD. Age related differences in response to the fatigue task were 
present in muscular stability, with the U13 showing no change in the FH/Q ratio, 
the U15 showing a decrease and the U17 showing an increase. Moreover, the post 
fatigue leg stiffness data highlighted a slight decrease in the U13’s compared to an 
increase in the U17 and an individualised response in the U15 age group with 
some players showing an increase while others showed a decrease. The EMD 
results highlighted that the U13 age group had a significantly longer EMD both pre 
and post fatigue when compared to the U15 and U17 age groups. These age group 
differences in response to fatigue require further investigation to establish if they 
were due to changes through normal growth and maturation or if they were 
related to the football specific training the participants took part in. Finally, it 
became evident that as female youth football players mature, they may use 
compensatory mechanisms in order to maintain knee joint stability when fatigue is 
present by increasing feed-forward mechanisms and muscular stability. How 
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football specific training may contribute to this compensatory mechanism remains 
unknown and requires further investigation using non-trained controls.  
 
The current study has provided useful cross sectional data on female youth 
football players in which there is a gap in the literature. However, future training 
studies are needed in order to design conditioning programmes that specifically 
target neuromuscular functioning. Therefore, the findings of the current study 
suggest that the following need to be considered in the further development of 
neuromuscular conditioning injury prevention programmes for elite female youth 
football players: 
 
1. That muscular conditioning includes and focuses on the portion of the 
movement that is towards full knee extension and includes training aimed 
at improving landing performance. 
2. That neuromuscular conditioning programme’s are focused on being 
fatigue resistant and therefore undertaken in the middle or towards the 
end of training sessions rather than solely in warm ups.  
3. That the primary goal of training programmes is focussed on enhancing 
neuromuscular functioning, with the secondary goal of improving torque 
production.  
4. That training is age group and maturational stage specific and that specific 
neuromuscular training should be recommended, implemented and 
developed as early as possible.   
5. That training during puberty is enhanced and individualised to focus on 
both muscular and neuromuscular aspects.  
6. That training in younger pre-pubescent age groups focuses on the 
development and enhancement of feed-forward mechanisms in response to 
fatigue. 
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CHAPTER VII 
CONCLUSION AND FUTURE RESEARCH DIRECTIONS 
 
The current study has provided some unique and interesting findings into the 
effects of football specific fatigue on dynamic knee stability in elite female youth 
football players. However, as previously mentioned this study is cross sectional in 
nature and although it has provided essential information in relation to age and 
maturation differences in female youth football players, longitudinal studies are 
now needed to further explore the effects of growth and maturation on dynamic 
knee stability. The findings of the current study have highlighted the need to 
examine both neuromuscular feed-forward and feedback mechanisms as the 
response to fatigue may be age and maturation dependant. Future studies should 
continue to examine a range of potential risk factors and focus their investigations 
on female youth football players as they are an at risk population with limited data 
available.  
 
Due to the large detrimental effects of football specific fatigue on EMD reported in 
the current study, along with reports that EMD remains compromised in adults up 
to 92 hours after fatigue (Howatson, 2010), future studies should focus on 
examining the chronic effects of football specific exercise on both muscular and 
neuromuscular functioning in elite female youth football players. This readiness to 
re-perform would not only appear to effect performance but could possibly be 
associated with the increased relative risk of injury and therefore requires further 
investigation. Future studies would also benefit from testing players after 
competitive match play in order to fully explore the role of football specific fatigue; 
however this would restrict outcome measures to those that can be achieved using 
portable equipment such as portable contact mats and EMG.  
 
There is a need to further examine the compensatory mechanisms suggested in the 
current study on a wider range of muscles that contribute to knee stability such as 
the hip and core muscles. This would allow practitioners to identify; as with adults, 
whether female youth football players move to a muscular strategy of using 
muscles that are less fatigued to provide the desired knee stability and protect the 
ACL. 
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Available data indicates that neuromuscular training appears to reduce the 
relative risk of injury and enhance physical performance in late adolescent females 
(Mandelbaum et al., 2005, Emery and Meeuwisse, 2010, Bizzini et al., 2012), 
however these programs are solely implemented in warm ups. The current study 
has identified the need to introduce injury prevention programmes towards the 
end of training sessions in order to introduce and develop fatigue resistance. 
Developing and implementing such programmes when fatigued as well as during 
warm ups may help to reduce the relative risk of injury and researchers should 
therefore look to focus investigations on this in order to determine their 
effectiveness. 
 
The limitations of the current study surrounding the SAFT90, specifically that the 
movement patterns and duration of movement intensity being based on male 
adult professional football warrants future research as there is currently no 
alternative protocol for female or youth players. Additionally, the SAFT90 may not 
have induced enough eccentric work in order to show a change in the FH/Q ratio 
due to the protocol being a simulation and not incorporating jumping, landing and 
kicking movements. The development of a protocol including these movements is 
therefore required. 
 
The current study is the first to investigate the effect of football specific fatigue on 
dynamic knee stability in female youth football players and has provided 
important initial findings. With the results indicating various age/maturation 
effect as well as possible football specific training effects, further research is 
warranted. 
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Protect her knees - Exploring the role of football specific fatigue on dynamic 
knee stability in female youth football players 
Dear Team member, 
 
Thank you for your interest in taking part in this study. This sheet will tell you a bit 
more about the study and what we would like you to do. Please read this carefully. 
If you decide not to take part it will not change your relationship with the research 
team, the University or Club. 
 
What is the project about? 
 
We are interested in looking at the effect of football fatigue on the lower leg, 
particularly on the knee in female youth players. This is a unique study 
investigating how well the muscles work when they are fatigued, so that we can 
design training to try to reduce the risk of injury. 
 
About the study 
 
This study has been funded by UEFA and will be run by a research team from the 
University of Gloucestershire. All researchers have experience working with 
athletes/children and have completed a full CRB check. The study has also been 
approved by the University Research Ethics Sub-Committee (RESC). 
 
Who is taking part in the study? 
 
Females aged 12-17 years who are participating in professional women’s football 
in the UK (players linked to Bristol Academy Ladies). 
 
You will visit the University of Gloucestershire twice and we will come to one of 
your club training sessions to do some quick tests. 
 
On your first visit to the University all tests will be explained to you and you will 
have a go on a machine called an isokinetic dynamometer to get used to the 
movements you will be performing, as well as practice the running test. Your 
posture and landing technique will also be examined using a camera system. Other 
things like height and weight will be measured on this visit to the University. 
 
On your second visit to the University you will perform the actual tests. Initially, 
you will perform a standard ten-minute warm-up that is usually performed at your 
club before matches. This will include running and movements familiar to you. You 
will then perform a baseline test involving a repeated kicking action with your 
preferred leg on the isokinetic dynamometer. There will be 30-seconds rest 
between each effort. Measurements of muscular activity will be taken using pads 
placed on different muscles in the leg. 
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Following baseline testing players will undertake the SAFT90 exercise protocol. 
This protocol involves football specific movement around a sports hall for the 
same duration as your matches with a half-time interval, also the same as on a 
match day. 5-minutes after finishing, you will repeat the test on the isokinetic 
dynamometer a second time.   
 
Water will be available to fill up drinks bottles when you visit the University in 
order to keep you hydrated throughout the testing session.  
 
When we come to one of your club trainings, you will perform a variety of hopping 
and jumping tasks on a mobile contact mat. This will include jumping on both feet 
continuously for about 10 seconds. You will also complete a Functional Movement 
Screen (FMS) which examines how you move when you perform a squat, a hurdle 
step, a lunge, an assessment of shoulder mobility, a straight leg raise, a push up 
and a core stability exercise. 
 
When will I do it? 
 
Whenever you and the laboratory are available we will arrange a time for you to 
come to the laboratory. If you wish you may come as a group. All tests at the 
University of Gloucestershire will follow our RESC approved laboratory guidelines. 
Parents/guardians will be informed of the specific arrangements via written 
documentation. 
 
Can I change my mind?  
 
You can stop being a part of the study at any time, including anytime throughout 
data collection. All you have to do is let us know that you no longer want to take 
part. This will not affect your relationship with the research team, the University 
or Club. 
 
What will you do with the information? 
 
All the information collected will be stored on a computer using ID codes and the 
results will only be seen by the research team. Your name will never be used. The 
data will be stored on password protected computers and in lockable filing 
cabinets for 10 years and will then be destroyed.  
 
The tests we perform are nothing to do with performance and your coaches will 
not use the results to pick the team. The results could be used to design a specific 
individual training program by your coaches in order to reduce the risk of future 
injury. If you want your coaches to have access to your individual results in order 
to make changes to your training, you should fill in the Data consent form.  
 
What if I have any questions? 
 
If you have any questions then please feel free to ask either of the people below at 
any time. 
 
What do I do next? 
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If you have read and understood everything that we want you to do and are happy 
to take part please sign the consent form that is attached to this sheet. 
 
 
Miss Abigail Priestley   Dr Mark De Ste Croix 
MSc by Research Student    Lead Researcher/Project manager 
Applied Sport and Exercise Science Reader in Children’s Physiology  
School of Sport and Exercise   School of Sport and Exercise  
University of Gloucestershire  University of Gloucestershire 
 
Abigailpriestley@connect.glos.ac.uk   mdestecroix@glos.ac.uk 
 
Project mobile phone number: 07531912896 
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Protect her knees - Exploring the role of football specific fatigue on dynamic 
knee stability in female youth football players 
 
 
Sport & Exercise Laboratories 
 
 
Participant informed consent form 
 
 
I have had full details of the tests I am about to complete explained to me. I 
understand the risks and benefits involved, and that I am free to withdraw from 
the tests at any point. I confirm that I have completed a health questionnaire and I 
am in a fit condition to undertake the required exercise. 
 
 
Participant 
 
Name:……………………………………… 
 
 
 
Signed:……………………………………................. Date:………………... 
 
 
 
 
 
 
 
 
 
 
 
 
 
Miss Abigail Priestley   Dr Mark De Ste Croix 
 
MSc by Research Student    Lead Researcher/Project manager 
Applied Sport and Exercise Science Reader in Children’s Physiology  
School of Sport and Exercise   School of Sport and Exercise  
University of Gloucestershire  University of Gloucestershire 
 
Abigailpriestley@connect.glos.ac.uk  destecroix@glos.ac.uk 
 
Project mobile phone number: 07531912896 
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Protect her knees - Exploring the role of football specific fatigue on dynamic 
knee stability in female youth football players 
 (Data Consent Form) 
 
 
Dear Participant, 
 
The data gathered in this study will not be passed on to any other party and will 
remain anonymous if you so wish. However, the data may be beneficial for you if 
passed on to the relevant members of your club.  
 
The data collected does not relate to actual performance, therefore your coaches 
will not use the data for team selection. It is purely to highlight any specific areas 
that could be improved through an individual training program in order to reduce 
your risk to injury. 
 
If you wish for your data to be made available for your team management please 
sign below. 
 
 
Participant 
 
Name:………………………………………….. 
 
 
Signed………………………………………….         Date:……………………………… 
 
 
Thank you again for your cooperation. 
 
 
 
 
 
 
Miss Abigail Priestley   Dr Mark De Ste Croix 
 
MSc by Research Student    Lead Researcher/Project manager 
Applied Sport and Exercise Science Reader in Children’s Physiology  
School of Sport and Exercise   School of Sport and Exercise  
University of Gloucestershire  University of Gloucestershire 
 
Abigailpriestley@connect.glos.ac.uk mdestecroix@glos.ac.uk 
 
Project mobile phone number: 07531912896 
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Protect her knees - Exploring the role of football specific fatigue on dynamic 
knee stability in female youth football players 
 
 
Sport & Exercise Laboratories 
 
 
Parent/ guardian informed consent form 
 
 
I have had full details of the tests my child is about to complete explained to me. I 
understand the risks and benefits involved, and that she is free to withdraw from 
the tests at any point. I confirm my child has completed a health questionnaire and 
is in a fit condition to undertake the required exercise. 
 
 
Parent/ guardian 
 
Name:……………………………………… 
 
 
Signed:……………………………………................ Date:………………... 
 
 
 
 
 
 
 
 
 
 
 
 
 
Miss Abigail Priestley   Dr Mark De Ste Croix 
 
MSc by Research Student    Lead Researcher/Project manager 
Applied Sport and Exercise Science Reader in Children’s Physiology  
School of Sport and Exercise   School of Sport and Exercise  
University of Gloucestershire  University of Gloucestershire 
Abigailpriestley@connect.glos.ac.uk destecroix@glos.ac.uk 
 
Project mobile phone number: 07531912896 
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Research Ethics Sub-Committee Approval 
 
 
Protect her knees: Exploring the role of football specific fatigue on dynamic knee stability in 
female youth football players. 
 
 
After attending the Research Ethics Sub-Committee meeting to discuss the project and 
making the suggested amendments, the project has again been considered and we are 
pleased to inform you that it has now been approved. 
 
 
Thank you for taking the time to attend the RESC meeting and good luck with your 
project. 
 
 
Best wishes 
 
 
 
Dr Malcolm MacLean 
Chair - Research Ethics Sub-Committee 
 
 
 
Associate Dean, Academic Frameworks 
University of Gloucestershire 
The Park 
Cheltenham GL50 2RH 
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SPORT & EXERCISE LABORATORIES 
 
 
Health Questionnaire 
 
 
About this questionnaire: 
The purpose of this questionnaire is to gather information about your health and 
lifestyle.  We will use this information to decide whether you are eligible to take part in 
the testing for which you have volunteered.  It is important that you answer the 
questions truthfully.  The information you give will be treated in confidence.  Your 
completed form will be stored securely for 5 years and then destroyed. 
 
Section 1, which has been completed by the tester, provides basic information about 
the testing for which you have volunteered.  Sections 2 to 7 are for you to complete:  
please circle the appropriate response or write your answer in the space provided.  
Please also complete section 8.  Sections 9 and 10 will be completed by the tester, 
after you have completed sections 2 to 8. 
 
Section 1:  The testing (completed by tester) 
 
To complete the testing for which you have volunteered you will be required to 
undertake: 
  
Moderate exercise (i.e. exercise that makes you breathe more heavily than you  
do at rest but not so heavily that you are unable to maintain a conversation) 
 
Vigorous exercise (i.e. exercise that makes you breath so heavily that you are  
unable to maintain a conversation). 
 
 
The testing involves: 
 
 
Walking  Generating or absorbing high forces through your arms 
 
Running  Generating/absorbing high forces through your shoulders 
 
Cycling  Generating/absorbing high forces through your trunk  
 
Rowing  Generating/ absorbing high forces through your hips 
 
Swimming  Generating/ absorbing high forces through your legs 
 
Jumping 
 
 
Section 2:  General information 
 
Name: ........................................…..….....…………..         Sex:    M     F     Age:  
 
Height (approx.): ............………..……….. Weight (approx.): 
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Section 3:  Initial considerations 
 
1. Do any of the following apply to you?     No Yes 
 
a) I have HIV, Hepatitis A, Hepatitis B or Hepatitis C   
b) I am pregnant 
c) I have a muscle or joint problem that could be aggravated 
by the testing described in section 1 
d) I am feeling unwell today 
e) I have had a fever in the last 7 days 
 
(If you have answered “Yes” to question 1, go straight to section 8) 
 
Section 4:  Habitual physical activity 
 
2a. Do you typically perform moderate exercise (as defined in section 1)  
 for 20 minutes or longer at least twice a week?    No Yes 
 
2b. Have you performed this type of exercise within the last 10 days? No Yes 
 
3a. Do you typically perform vigorous exercise (as defined in section 1)  
at least once a week?       No Yes 
 
3b. Have you performed this type of exercise within the last 10 days? No Yes 
 
Section 5:  Known medical conditions 
 
4.  Do any of the following apply to you?     No Yes 
 
a) I have had insulin-dependent diabetes for more than 15 years 
b) I have insulin-dependent diabetes and am over 30 years old 
c) I have non-insulin-dependent diabetes and am over 35 years old   
 
5. Have you ever had a stroke?       No Yes 
 
6. Has your doctor ever said you have heart trouble?    No Yes 
 
7. Do both of the following apply to you?     No Yes 
 
a) I take asthma medication 
b) I have experienced shortness of breath or difficulty 
with breathing in the last 4 weeks? 
 
8. Do you have any of the following:  cancer, COPD, cystic fibrosis, No  Yes 
other lung disease, liver disease, kidney disease, mental illness, 
osteoporosis, severe arthritis, a thyroid problem? 
 
(If you have answered “Yes” to any questions in section 5, go straight to section 8.) 
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Section 6:  Signs and symptoms 
 
9. Do you often have pains in your heart, chest,     No Yes 
 or the surrounding areas? 
 
10. Do you experience shortness of breath, either at rest   No Yes 
 or with mild exertion? 
 
11. Do you often feel faint or have spells of severe dizziness?   No Yes 
 
12. Have you, in the last 12 months, experienced difficulty   No Yes 
with breathing when lying down or been awakened at night    
by shortness of breath?       No Yes 
  
13. Do you experience swelling or a buildup of fluid in   No Yes 
 or around your ankles? 
 
14. Do you often get the feeling that your heart is racing or skipping No Yes 
beats, either at rest or during exercise?     
 
15. Do you regularly get pains in your calves and lower legs  No Yes 
during exercise that are not due to soreness or stiffness?    
   
16. Has your doctor ever told you that you have a heart murmur?  No Yes 
 
17. Do you experience unusual fatigue or shortness of breath during No Yes 
everyday activities? 
 
(If you have answered “Yes” to any questions in section 6, go straight to section 8.) 
 
Section 7:  Risk factors 
 
18.  Does either of the following apply to you?    No Yes 
 
a) I smoke cigarettes on a daily basis 
b) I stopped smoking cigarettes on a daily basis less than 6 months ago 
 
19. Has your doctor ever told you that you have high blood pressure?  No Yes 
 
20. Has your doctor ever told you that you have high cholesterol?  No Yes 
 
21. Has your father or any of your brothers had a heart attack,   No Yes 
heart surgery, or a stroke before the age of 55?  
 
22. Has your mother or any of your sisters had a heart attack,   No Yes 
heart surgery, or a stroke before the age of 65?  
 
23. Do any of the following apply to you?     No Yes 
 
a) I have had insulin-dependent diabetes for less than 15 years 
b) I have insulin-dependent diabetes and am 30 or younger 
c) I have non-insulin-dependent diabetes and am 35 or younger   
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Section 8:  Signatures 
 
Participant: …………………………………………………….. Date: 
........…….……........ 
 
 
 
Guardian*: .......................................….………….…........ Date: 
........……….…........ 
(*Required only if the participant is under 18 years of age.) 
 
 
Section 9:  Additional risk factors (to be completed by the tester if relevant) 
 
24. Is the participant’s body mass index  >30 kg/m2?   No Yes 
 
25. Has the participant answered no to questions 2a and 3a?  No Yes 
 
 
Section 10:  Eligibility (to be completed by the tester) 
 
26. Is the participant eligible for the testing?    No Yes 
 
 
Name (of tester): ..................………............…………………… 
 
Signature: ………………………………………………… Date: ………....….…….…... 
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Processing the completed questionnaire – a flow diagram 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
“Yes” to question 1 (section 3)?
Moderate or vigorous box ticked in section 1?
No
Exclude the subject
No
Accept the subject
Yes
“Yes” to questions 3a and 3b?
Yes
Yes
Accept the subject
“Yes” to questions 2a and 2b?
No
No Vigorous box ticked in section 1?
No
Accept the subject
Yes
Any “Yes” responses in section 5 (known conditions)?
Yes
Exclude the subject
Any “Yes” responses in section 6 (signs & symptoms)?
Yes
Exclude the subject
Yes
No
No
Older than 44 and male, or older than 54 and female?
Vigorous box ticked in section 1?
No Accept the subject
Yes
No
Exclude the subjectYes
Two or more “Yes” responses for questions 18 to 25?
Vigorous box ticked in section 1?
No Accept the subject
Exclude the subjectYes
Yes
No
Accept the subject
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Preparing and processing pre-test health questionnaires 
 
Introduction 
These notes should be read in conjunction with the standard Health Questionnaire of 
the sport & exercise laboratories.  They are intended to assist staff and students with 
a) preparing a health questionnaire for distribution to a potential participant and b) 
processing the completed questionnaire.  The questionnaire is designed to gather the 
information needed to decide whether an individual is or is not eligible for a particular 
set of testing.  This information is highly confidential and should be handled 
accordingly.  During the course of a project or sequence of testing, it is the tester’s 
responsibility to ensure that all completed health questionnaires are kept under lock 
and key and that the information they contain remains confidential.  On completion of 
the project or sequence of testing, these questionnaires should be submitted to a 
technician, who will store them for 5 years for insurance purposes.   
 
Preparing the questionnaire 
First you need to summarise the cardiorespiratory demands of the testing by indicating 
whether it involves moderate or vigorous exercise.  You should tick the moderate box 
for sub-lactate threshold exercise and the vigorous box for supra-threshold exercise or 
when testing is likely to invoke a marked cardiorespiratory response.  For example, it 
would be appropriate to tick the vigorous box if the testing involves cold-water 
immersion, sustained isometric muscle actions or sustained exercise in an unusually 
hot or humid environment. If cardiorespiratory demands of the testing are minimal, you 
should not tick either box.  However, if you are unsure you should err on the side of 
caution.  Similarly, if you are unsure whether the exercise involved in a particular set of 
testing will be sub- or supra- threshold, tick the vigorous box. Next you need to 
summarise the musculo-skeletal demands of the testing by naming the activity and 
giving an indication of the forces involved in the testing so that the participant can 
make a judgement about whether any physical problem they have is likely to be 
aggravated.  If you are unsure, err on the side of caution.   
 
Processing the completed questionnaire 
The process all laboratory users are expected to follow to reach a decision about 
whether a particular participant is eligible for testing is outlined below.  This process is 
closely aligned with Olds and Norton’s (1999) interpretation of the American College of 
Sport Medicine’s Guidelines for Exercise Testing and Prescription (ACSM, 1995, 
2000).  It is underpinned by two key principles:  first that the risk of a cardiac or other 
potentially fatal event occurring in response to exercise is low in individuals who are 
accustomed to meeting the cardiorespiratory demands of the exercise; second that the 
risk of such an event occurring in an unaccustomed individual depends on their age, 
whether they have particular medical conditions or show signs or symptoms of 
cardiovascular or pulmonary disease, and how many risk factors for cardiovascular 
disease they have.  The process itself comprises a series of sequential steps.   
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1) Automatic exclusions 
Question 1 covers blood-borne diseases, pregnancy, muscle or joint problems, recent 
fever or feeling unwell on the day. If the participant answers ‘Yes’ to any of the criteria 
they are automatically excluded.   
 
2) Cardiorespiratory demands 
Section 4 of the standard questionnaire summarises how often they typically exercise 
and when they last performed moderate or vigorous exercise.  An individual should be 
deemed to be accustomed to a particular intensity of exercise if they typically 
experience it at least twice a week for moderate or once a week for vigorous exercise 
and have done so within the last 10 days.  Individuals who show themselves to be 
accustomed to moderate exercise need to be screened further if the testing involves 
vigorous exercise but accept them if it involves moderate exercise. All participants are 
eligible for testing where the cardiorespiratory demands are minimal (for which neither 
the moderate nor the vigorous box would be ticked in section 1). 
 
3) Known medical conditions 
If there are any “yes” responses in section 5 exclude the participant, otherwise go to 
step 4.   
 
4) Signs and symptoms of cardiovascular or pulmonary disease 
If there are any “yes” responses in section 6 exclude the participant, otherwise go to 
step 5. 
 
5) Age and sex 
If the participant is older than 44 and male, or older than 54 and female, and the testing 
involves moderate exercise only, accept the participant or if the exercise is vigorous 
exclude the participant. 
If they are younger than 45 and male, or younger than 55 and female, proceed to step 
6. 
 
6) Risk factors for cardiovascular disease 
The tester should have completed section 9.  To calculate the individual’s body mass 
index (BMI), divide their body mass in kg by their height in cm squared.  A BMI of >30 
kg/m2 constitutes one risk factor.  To classify the participant as sedentary or otherwise, 
use the information from section 4: a “no” response to question 2a and 3a constitutes 
one risk factor.   
 
In section 7 and 9. if there is one or less “yes” response, accept the participant. 
If there are two or more “yes” responses and the testing involves moderate exercise 
only, accept the participant or if it involves vigorous exercise, exclude the participant. 
 
7) Signatures 
Accepting or excluding a participant involves answering “yes” or “no” in section 10.  
Then print your name and sign and date the form.  You then need to explain your 
decision to the participant.   
 
It is sufficient for all participants (except those who report one or more signs or 
symptoms of cardiovascular or pulmonary disease), to provide a brief oral explanation 
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of why they have been excluded.  For those with two or more signs or symptoms, 
Appendix 8 contains a standard letter warning that the signs and symptoms listed on 
the questionnaire are not definitive indicators of disease and inviting the excluded 
participant to discuss with their GP the sensations or events they have reported.   
 
Appendix 7 is a flow diagram showing how to process the completed questionnaire. 
The principle is that the processing stops when a decision to accept or exclude the 
participant can be made.  Often this point will be reached after two or three steps.  
Performing all seven steps would only be necessary for testing involving moderate or 
severe exercise for which the potential participant is young and sedentary, with no 
known medical conditions or signs and symptoms.   
 
Routine testing versus. specific projects involving special populations 
Participants who would normally be excluded from a particular type of testing may be 
eligible provided the testing is conducted under medical supervision (e.g. in a cardiac 
rehabilitation programme).  Projects involving high-risk populations, or vigorous 
exercise in moderate risk populations, involve medically qualified personnel and are 
most likely to be conducted in a hospital environment.   
 
References 
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APPENDIX G 
CONCENTRIC AND ECCENTRIC TORQUE VALUES PRE AND POST 
FATIGUE 
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Appendix G: Concentric and Eccentric torque values pre and post fatigue 
 
Table 1: U13 Eccentric and Concentric torque pre and post fatigue by joint angle 
 
 
Q = Quadriceps H = Hamstrings 
 
 
Table  2: U15 Eccentric and Concentric torque pre and post fatigue by joint angle 
 
Q = Quadriceps H = Hamstrings 
 
 
 
 
 
 Pre Post 
 
 0-10° 10-20° 20-30° 0-10° 10-20° 20-30° 
Concentric 
Q at 60°/s 
21 ± 7 32 ± 11 42 ± 11 14 ± 8 27 ± 12 36 ± 12 
Concentric 
Q at 120°/s 
18 ± 7 30 ± 8 37 ± 9 16 ± 5 23 ± 9 31 ± 11 
Concentric 
Q at 180°/s 
19 ± 6 28 ± 8 35 ± 9 18 ± 9 24 ± 9 30 ± 10 
Eccentric H 
at 60°/s 
33 ± 22 44 ± 20 52 ± 18 34 ± 18 47 ± 23 50 ± 25 
Eccentric H 
at 120°/s 
33 ± 21 46 ± 19 50 ± 17 24 ± 16 50 ± 23 54 ± 25 
Eccentric H 
at 180°/s 
31 ± 20 46 ± 19 51 ± 17 48 ±18 24 ±16 52 ± 21 
 Pre Post 
 
 0-10° 10-20° 20-30° 0-10° 10-20° 20-30° 
Concentric 
Q at 60°/s 
17 ± 9 33 ± 8 46 ± 10 18 ± 6 34 ± 12 46 ±10 
Concentric 
Q at 120°/s 
17 ± 6 33 ± 8 44 ± 10 19 ± 7 33 ± 8 42 ± 9 
Concentric 
Q at 180°/s 
23 ± 7 31 ± 8 40 ± 9 22 ± 6 31 ± 9 40 ± 8 
Eccentric H 
at 60°/s 
26 ± 9 51 ± 13 54 ± 13 23 ± 17 39 ± 21 45 ± 18 
Eccentric H 
at 120°/s 
30 ± 14 55 ± 10 57 ± 12 22 ± 11 44 ± 13 50 ± 12 
Eccentric H 
at 180°/s 
24 ± 15 50 ± 14 52 ± 13 22 ± 7 49 ± 14 52 ± 12 
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Table 3: U17 Eccentric and Concentric torque pre and post fatigue by joint angle 
 
Q = Quadriceps H = Hamstrings 
 
 
 
 Pre Post 
 
 0-10° 10-20° 20-30° 0-10° 10-20° 20-30° 
Concentric 
Q at 60°/s 
26 ± 10 48 ± 15 62 ±17 24 ± 6 39 ± 9 42 ± 12 
Concentric 
Q at 120°/s 
24 ± 10 41 ± 13 54 ± 15 23 ± 7 33 ± 8 39 ± 9 
Concentric 
Q at 180°/s 
26 ± 9 39 ± 13 51 ± 15 25 ± 6 27 ± 10 33 ± 9 
Eccentric H 
at 60°/s 
35 ± 13 67 ± 21 71 ± 23 31 ± 19 85 ± 48 93 ± 43 
Eccentric H 
at 120°/s 
34 ± 15 75 ± 24 80 ± 20 25 ± 22 49 ± 34 66 ± 28 
Eccentric H 
at 180°/s 
30 ± 13 67 ± 27 77 ± 23 28 ± 28 65 ± 39 75 ± 28 
